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aa is a sometime thing 
Lips encouraged to voice new theories helped make possible modern 


rocket power. Yet—for the sake of our nation’s safety—our lips 
must remain sealed to our enemies. 


RMI has long been known for its “‘open and shut” communication — 
for its encouragement of creative discussion not only within RMI but 
also with others who are working to advance America’s cause . . . and 
for its constant vigil to protect America’s secrets. For over a decade 

and a half, RMI engineers and scientists have been cooperating 
whole-heartedly with our nation’s security program as they blaze new trails 
in developing and producing today’s... and tomorrow’s . . . powerplants. 


Engineers, Scientists— Perhaps you, too, can work 
with America’s first rocket family. You'll find the 
problems challenging, the rewards great. 
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FASTEST—Lino-Writ 4 is the { »scillo- TOUGHEST—Snap it, crinkle d 
graphic paper you can use—and the paper Du Pont Lino-Writ 4 springs back like new 
with the widest range. As shown by this ... With its valuable record intact! Its all-rag 


photograph, you can record frequencies trom base not only makes it rugged, but also makes 


60 to 2000 cps on the same roll. _ it whitest, easiest to read. a 


SCIENCE AN CHNOLOGY 


THINNEST— You get more paper on a standard 
roll. This roll holds 475 feet of Lino-Writ 4. 
Roll with same outside diameter holds only 
250 feet of standard-weight paper. Translu- 
cence permits quick duplication in standard 
equipment. 


} SPLICE-FREE TOO!— Whatever speed you require, what- frequency recording. New Lino-Writ 4, the fastest, 
ever thickness is best for you, whatever length roll you _ toughest, thinnest photorecording paper you can use. 
can use... you can get Lino-Writ splice-free, at no extra E. I. du Pont de Nemours & Co. (Inc.), Photo 
cost. Lino-Writ | for low frequency recording. Lino- —_ Products Dept., Wilmington 98, Delaware. In Canada: 
Writ 2 for mid-range recording. Lino-Writ 3 for high | Du Pont Company of Canada (1956) Limited, Toronto. 
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Scope of JET PROPULSION “a 


This Journal is a publication of the Ameri- 
can Rocket Society devoted to the advance- 
ment of the field of jet propulsion through 
the dissemination of original papers disclosing 
new knowledge or new developments. As 
used herein, the term “jet propulsion” 
embraces all engines that develop thrust by 
rearward discharge of a jet through a nozzle 
or duct, and thus it includes air-consuming 
engines and underwater systems as well as 
rockets. JET PROPULSION is open to con- 
tributions dealing not only with propulsion 
but with other aspects of jet-propelled flight, 
such as flight mechanics, guidance, telemeter- 
ing, and _ research instrumentation. In- 
creasing emphasis will be given to the scientific 
problems of extraterrestrial flight. 


Information for Authors 


Manuscripts must be as brief as the prope: 
presentation of the ideas will allow. Ex- 
clusion of dispensable material and concise- 
ness of expression will influence the Editors 
acceptance of a manuscript. In terms o 
standard-size double-spaced typed pages, 
typical maximum length is 22 pages of tex 
(including equations), 1 page of reference: 
1 page of abstract, and 12 illustrations 
Fewer illustrations permit more text, and vic 
versa. Greater length will be acceptable 
only in exceptional cases. 

Short manuscripts, not more than one 
quarter of the maximum length stated for ful! 
articles, may qualify for publication as 
Technical Notes. They may be devote 
either to new developments requiring prompt 
disclosure or to comments on previously pub 
lished papers. Such manuscripts are usually 
published within two months of the date of 
receipt. 

Sponsored manuscripts are published 
occasionally as an ARS service to the indus 
try. A manuscript that does not qualify fo: 
publication according to the above-stated 
requirements as to subject scope or length 
but which nevertheless deserves widespread 
distribution among jet propulsion engineers 
may be printed as an extra part of the Journal! 
or as a special supplement if the author or 
his sponsor will reimburse the Society for 
actual publication costs. Estimates are 
available on request. Acknowledgment of 
such financial sponsorship appears as a 
footnote on the first page of the article. 
Publication is prompt since such papers are 
not in the ordinary backlog. 

Manuscripts must be ieolds spaced on one 
side of paper only with wide margins to allow 
for instructions to printer. Include a 100 to 
200 word abstract. State the authors’ 
positions and affiliations in a footnote on the 
first page. Do not type equations; write 
them in ink. Identify unusual symbols or 
Greek letters for the printer. References are 
to be grouped at the end of the manuscript 
and are to be given as follows: for journal 
articles: authors first, then title, journal, 
volume, year, page numbers; for books: 
authors first, then title, publisher, city, edi- 
tion, and page or chapter numbers. Line 
drawings must be clear and sharp to make 
clear engravings. Use black ink on white 
paper or tracing cloth. Lettering should be 
large enough to be legible after reduction. 
Photographs should be glossy prints, not 
matte or semi-matte. Each illustration must 
have a legend; legends should be listed in 
order on a separate sheet. 

Manuscripts must be accompanied by 
written assurance as to security clearance in 
the event the subject matter lies in a classified 
area or if the paper originates under govern- 
ment sponsorship. Full responsibility rests 
with the author. 

Submit manuscripts in duplicate (original 
plus first carbon, with two sets of illustra- 
tions) to the Editor, Martin Summerfield, 
Professor of Aeronautical Engineering, Prince- 
ton University, Princeton, Preprints 
of papers presented at ARS national meetings 
are automatically considered for publication. 


JET PROPULSION is published monthly by 
the American Rocket Society, Inc., and the 
American Interplanetary Society at 20th & 
Northampton Sts., Easton, Pa., U. S. A. 
Editorial offices: 500 Fifth Ave., New York 
36, N. Y. Price: $12.50 per year, $2.00 
per single copy. Entered as_ second-class 
matter at the Post Office at Easton, Pa. 
Notice of change of address should be sent to 
the Secretary, ARS, at least 30 days prior to 
publication. Opinions expressed herein are 
the authors’ and do not necessarily reflect the 
views of the Editors or of the Society. 
© Copyright 1957 by the American Rocket 
Society, Inc 
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“Moby Dick” high altitude research balloon being launched from a special protective trailer at AFMDC. This balloon carries instruments 
up many miles. Small sized balloon alongside provides launch crew with information on surface wind velocity and direction. 


SCIENTISTS ARE OPENING DOOR TO OUTER SPACE prs 


=. 
Almost 4000 square miles of desert comprise the 
rocket and missile test range at the Air Force Missile 
Development Center at Holloman AFB, near Alamo- 
gordo, New Mexico. In another sense, the test range 
is limitless, extending upwards to the reaches of space. 
It is one of AFMDC’s missions to extend our knowl- 
edge of these extreme altitudes, to prepare man for 
life above the atmosphere—this in addition to exten- 
sive development and test work with missiles and 
similar weapons. 

AFMDC is one of the centers of the Air Research 
and Development Command. In addition to its basic 
mission, it works with other ARDC centers, govern- 
ment agencies and industrial contractors in electronics, 
weapons, and upper atmosphere research. 

Undergoing tests at AFMDC are surface-to-air and 
air-to-air supersonic missiles for intercepting hostile air- 
craft; air-to-surface missiles; surface-to-surface guided 
missiles, and many similar weapons. 


AT AIR FORCE MISSILE DEVELOPMENT CENTER 


of a series of ads on the technical 


f the Department of Defense. 


U. S. Air Force Photo 


Instruments and biological specimens are carried 

skyward in experimental rockets and balloons at =———- 
AFMDC for studies of radio wave propagation athigh 
frequencies; investigation of electrical characteristics 
of the ionosphere and composition and acoustical prop- 
erties of upper atmospheres; studies of the intensity 
of radiation from the sun, from nocturnal space, and 


from the earth; studies of high altitude winds, and 


studies of the biological effects of cosmic radiation 
and reduced gravity. This high altitude research is 
useful in the development of missiles, aircraft, and 
associated equipment. 

Gleaning this useful information is a long and diffi-— 


4 
cult business which draws upon the skills of thousands 
of civilian and military engineers and their many _ 
counterparts in private industry. The efforts of this — 
small army of technicians will not only determine aoa! 
America’s ability to meet potential aggressors, but = 


bring ever closer the coming Age of Space. 


FORD INSTRUMENT Co. 


DIVISION OF SPERRY RAND CORPORATION 
31-10 Thomson Avenue, Long Island City 1, New York 


Beverly Hills, Cal. ° Dayton, Ohio m 
Technicians in Ford Instrument’s gyro 
ENGINEERS of unusual abilities can find a future at FORD INSTRUMENT CO. Write for information, [Poratory perform tests on subassem- 
Twas bly from missile guidance system. 
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LAVELLE...Wherever Precision Fabrication is Required 


FAIRINGS 
BAFFLES 
COWLINGS 
SHROUDS 
ENGINE MOUNTS 


RECISION WELDED MACHINED SHEET METAL PARTS AND ASSEMBLIES 


ENGINE DUCTS 
SHIELDS 

COMBUSTION CHAMBERS 
BURNER SUPPORTS 
COMBUSTION LINERS 


JET ENGINE, MISSILE, ROCKET, AIRFRAME AND ELECTRONIC COMPONENTS 


EXHAUST NOZZLES 


FLAME HOLDERS 
SEALS 

ENGINE CASINGS 


FABRICATED OF STAINLESS STEEL, TITANIUM, NICKEL AND ALUMINUM ALLOYS 


SHELTERS 
HOUSINGS 
REFLECTORS 
CONSOLES | 
NACELLES 


Lavelle’s services include engineering © 
production planning, tool making, machine 
shop and sheet metal facilities . . . inert 
gas, resistance and metallic arc welding, 


inspected by X-Ray, Zyglo or -Magnaflux, Lavelle Aircraft Corporation * Newtown, Bucks County, Pa. 
painting, anodizing and quality control. Between Philadelphia, Pa., and Trenton, N.J. 
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CRYOGENICS 
VALVES AND 


Test 


“> 
TEST CELLS 
d 


With the facilities and experience to meet the growing requirements Schematic of the new Cryogenics Test 

of cryogenics, Stratos is at work on a number of interesting projects a 
in the low temperature field. Besides a basic background in the aircraft ; 

accessories field, Stratos engineering department includes specialists 

in cryogenics—men who have broad experience with gases at very low 


temperatures and with liquefied gases. ST ke y- ge) k + 
Among the cryogenic facilities at Stratos is a test installation recently 


completed at the Western Branch plant Manhattan Beach, Calif. This OF TION 
facility can test valves up to 12” diameter and achieve flow rates above Main Plant: Bay Shore, Long Island; 
11,000 gpm. Western Branch: 1800 Rosecrans Ave., 

Inquiries on valves, pumps, controls and systems are invited. Manhattan Beach, California. sii 
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have set new standards of confidence in programmed 
performance. Scheduled firings are made on schedule 
. .. to the second! The reliability of Phillips solid pro- 
pellants in jet-assist take-off applications is extremely 
high. 

Such outstanding uniformity and dependability are 
due to the design simplicity of Phillips solid propellant 
systems. Because they require no pumps, valves, or 
internal controls, the possibility of mechanical failure 
in Phillips solid propellant rockets has been substan- 
tially eliminated. Process and quality controls assure in 
advance that each production unit has the desired bal- 
listic characteristics. 


Recent technical breakthroughs achieved by Phillips 
extend the limits of solid rocket thrust and duration 


PHILLIPS PETROLEUM 


Bartlesville, C 


with less weight and greater efficiency. Furthermore, 
Phillips solid propellants are easy and safe to handle 
or store . . . and the cost advantage is considerable. 


Check with Phillips for latest developments in this 
field before your designs are committed. 


We invite you to write and discuss your technical and 
production problems with us. Or call one of our regional 
representatives: Washington, D. C.—E. L. Klein, EXec- 
utive 3-3050; Los Angeles—R. O. Gose, GRanite 
2-0218; Dayton, Ohio—C. W. Strayer, YOrktown 3263. 


Address all inquiries to: 
Rocket Fuels Division 
Bartlesville, Oklahoma 
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Manufacturer's Twenty Member Motion Picture Unit sets up to shoot Northrop F-89D all-weather jet interceptor for sequences in Northrop Training Department film 


INDUSTRY'S USE OF 16MM CAMERAS BROADEN 


Northrop Aircraft Demonstrates Expanded 
dndustrial Use of Mitchell Cameras 


Over 100,000 feet of film were shot last year by two 16mm Mitchell cameras 
operated by a full-scale motion picture unit at Northrop Aircraft. Operating daily 
throughout the year, these 16mm cameras provide impressive evidence of the rising 
role of professional motion picture equipment in American Industry today. 


Northrop, a leader in airframe and missile manufacture, makes diversified use of 
their Mitchell cameras. Motion pictures range from employee activities to engi- 
neering test films—where re-shooting is impossible and where steady, accurately- 
framed film of superior quality is consistently delivered by Mitchell cameras. 


No other single camera is today used by American Industry for such a broad 
range of filming requirements as is the Mitchell camera. Easy operating Mitchell 
cameras help create sales, meet delivery schedules, and systematize and accelerate 
research and development. For details about Mitchell equipment that will meet 


your specific needs, write today on your letterhead. ; 
Alaska Bound test pilot Bob Love and Columnist Marvin Miles 
being filmed by Mitchell camera for Northrop Public Relations 


= 
Department. 


For Quality Control Film, Mitchell camera 104 Rocket Salvo of twin-jet F-89D is cap- 
moves in for close shots of Scorpion F-89D. tured..on.16mm Engineering Test film. 


CORPORATION 


666 WEST HARVARD STREET 
GLENDALE 4,CALIFORNIA 


Cable Address: ‘‘MITCAMCO”’ 
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A SCIENTIST-ENGINEER 
SPEAKS ABOUT AVCO 


ORE AND MORE it is being appreciated that no sharp border- 

line between science and engineering should exist. These 
two fields must strongly overlap to bring into being the fullest 
creativity of both. 


Dr. Arne Wikstrom 


To span the gap between science and engineering is one of the 
big problems—it is one which no laboratory can ignore. In this 
no-man’s-land there are engineers who are physicists and physi- 
cists who are engineers. Avco is encouraging a staff of such men, 
men who are highly trained in the sciences but who realize that 
the ultimate goal is to apply this knowledge in ways that will 
enable mankind to live better in a better world of tomorrow. 


Industrial research must rest on the foundation provided by the 
creative basic scientist. Yet its end product—new commercial 
items, new defense systems and new techniques—comes into 
being only through the insight and skill of the creative engineer. 


Avco’s newest division has a climate of creativity, coupled with 
long-range corporate goals. In this atmosphere creative and far- 
Pictured above is our new Research and Development Centernow sighted professional men, whether scientist, engineer or any one 
under construction in Wilmington, Massachusetts. Scheduled for _ of the infinite number of combinations thereof, will find rewarding 
completion in early 1958, this ultramodern laboratory will house a 

the scientific and technical staff of the Aveo Research and Advanced work at the Research and Advanced Development Division 
Development Division. of Avco. 


Avco’s new research division now offers unusual and excit- 
ing career opportunities for exceptionally qualified and Dr. Arne Wikstrom 
forward-looking scientists and engineers in such fields as: Special Technical Assistant to the President 


Py 


Science: 
Aerodynamics - Electronics - Mathematics - Metallurgy 
Physical Chemistry - Physics - Thermodynamics 


Engineering: 
Aeronautical - Applied Mechanics - Chemical - Electrical 
Heat Transfer - Mechanical - Reliability - Flight Test 


Write to Dr. R. W. Johnston, Scientific and Technical Relations, 
Avco Research and Advanced Development Division, 
20 South Union Street, Lawrence, Massachusetts. 
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ie Missile Metal Machining... | 


* 


If it can be put on paper age ap 

NOW AVAILABLE 

A new Hydrospinning Division has 

Above you see a Solid propellant rocketcoremoldbeingcom- formed at Diversey which uses 

e latest and largest equipment to 
it pleted after taper milling and contour turning by a Diversey Fa produce intricate missile parts. 

€raftsman. Diversey produces so many tough and intricate 


missile components similar to the above that no wonder sy ; 
everyone calls them the most versatile missile metal ma- 7 its METAL | 
chinists in the USA. Diversey does outstanding work in the ‘SEND MACHINING 
machining of missile components because they have the | FOR 
largest facilities, the finest machinists and top flight engi- FREE 
BOOKLET 


LEADERS IN CONTOUR MACHINING 


ENGINEERING COMPANY 


10550 WEST ANDERSON PLACE 
FRANKLIN PARK, ILLINOIS « A Suburb of Chicago 


FROM NOSE TO NOZZLE, FROM FIN TO FIN, CONTOUR TURNED PARTS—WITH PRECISION BUILT IN 
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by 
JULIAN ALLEN 
NACA, Ames Aeronautical Laboratory, Moffett Field, aa. 7 


AR in rocket motors have given us the ability to fly to high speeds 
and altitudes. However, this ability is, in itself, only a required first step in the 
development of successful rocket craft. Much study must be devoted to allied 
arts and science to assure this success. 

Clearly increased knowledge about the atmosphere must become available. 
In the past with airplanes driven by air breathing engines, a thorough knowledge 
of the atmosphere was needed for altitudes up to the order of ten miles. Now we 
must understand its characteristics over at least ten times this range. For flight 
at the outer fringes of this region it becomes important to study such allied fields 
as the probability and nature of damage from meteorites and meteoric dust, and the 
consequences of cosmic ray impingement. 

The nature and the effects of the heating produced in the retarded layers of air 
adjacent to the vehicle’s surface is a field which will require greater scrutiny. With 
conventional supersonic airplanes, the flight speeds have usually been low enough 
that aerodynamic heating has not been a critical design problem. At the hypersonic 
speeds this heating usually becomes so important that it dictates the configuration of 
the craft and the flight program. It can, in fact, preclude the possibility of success- 
ful atmospheric entry at all. For this reason, serious examination of the several 
types of rocket craft that have been proposed have been and will continue to be 
made to assess their virtues and faults. 

The structural design and material problems of hypersonic vehicles are not alone 
complicated by the fact that the craft’s outer surface may be very hot. The inner 
structure will usually be kept cool to provide adequate strength with low structural 
weight. Thus, critical thermal stresses are apt to result which can be catastrophic 
unless the problems are ingeniously handled. Also the temperature-stress history 
usually varies considerably with time and thus the prediction of fatigue and creep 
becomes most complex. 

As another consequence of aerodynamic heating, the attention of the aero- 
dynamicist has been focused on a new class of aerodynamic problems. Contrary 
to our practice at supersonic speeds, at hypersonic speeds the heating has required 
the use of blunt shapes for bodies and wings. The flow fields of interest have, as a 
result, reverted to the transonic type in that they contain both subsonic and 
supersonic flow regimes. Analysis of conventional transonic flows is very 
difficult. The analysis is even more difficult when the transonic flow occurs at 
hypersonic speeds since, then, the effects of imperfect gas in the subsonic regime 
must also be considered. Moreover, it is not easy to resort to model experimenta- 
tion to offset the deficiencies of theory. For wind tunnel experiments the tempera- 
ture of the gas in the reservoir section of the tunnel is required to be so great that the 
gas cannot be contained for more than a few milliseconds. In flight experiments 
the models must be accelerated to the full flight speeds, which is both costly and 
difficult. 

The first five papers herein are aimed at summarizing the present state of 
the several sciences and arts discussed above. It is evident that adequate knowl- 
edge in each of these fields, as in many others not discussed, must become available 
if we are to utilize in a practical way our ability to attain hypersonic speeds. | 

1 Chief, High Speed Research. E 
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The Role of 
PRODUCT ENGINEERING 
in Systems Work 


pee & It has become characteristic of modern weapons systems 
that they are required to operate under severe environ- 
hae mental conditions, as well as to meet stringent weight and 
space limitations. Moreover, the complexity of many of 
_ these systems poses additional difficult reliability prob- 
lems, while at the same time the increasingly critical 
consequences that depend on the proper functioning of 
the typical system logically call for a higher degree of 
reliability than previously achieved. The same is true of 
certain electronic systems for industrial applications, 
such as the Ramo-Wooldridge digital control computer, 
some of whose design features are shown above. 
f a Meeting all of these requirements is in large part the 
aad of product engineering. Generally speak- 


ing, product engineering starts with a system or sub- 
system at the breadboard stage and transforms it into 
the final product, which in addition to meeting all of 
the requirements previously stated, must be practical to 
manufacture and to maintain. Such creative productiz- 
ing requires the development of ingenious mechanical 
design features, a thorough knowledge of circuit design 
and component reliability, and a broad familiarity with 
materials and manufacturing processes. 

At Ramo-Wooldridge, the product engineer is an 
essential member of the research and development team 
which has the full responsibility for creating new sys- 
tems, from the initial theoretical studies on into the 
manufacturing stage. Engineers experienced in product 
engineering are invited to explore the variety of open- 
ings which exist at Ramo-Wooldridge in such fields as 
airborne electronic and control systems, communica- 
tions and navigation systems, digital computers and 
control systems, and electronic instrumentation and test 


equipment. 


The Ramo-Wooldridge 


5730 ARBOR VITAE STREET * Los ANGELES ieee CALIFORNIA 
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Performance of 


Hypervelocity vehicles capable of long range flight over 
the surface of the earth are discussed in terms of their mo- 
tion in powered flight and their motion and heating in un- 
powered flight. Powered flight is analyzed for an idealized 
propulsion system which rather closely approaches present 
day rocket motors. Unpowered flight is characterized by 
a return to earth along a ballistic, skip or glide trajectory. 
Only those trajectories are treated which yield a maximum 
range for a given velocity at the end of powered flight. The 
hallistic vehicle is found to be the least efficient of the 
several types studied in the sense that it generally requires 
the highest velocity at the end of powered flight in order to 
attain a givenrange. This disadvantage can be offset, how- 
ever, by reducing convective heat transfer to the re-entry 
body through the artifice of increasing pressure drag in 
relation to friction drag, that is, by using a blunt body. 
‘Thus, the kinetic energy required by the vehicle at the end 
of powered flight may be reduced by minimizing the mass 
of coolant material involved. The glide vehicle developing 
lift-drag ratios in the neighborhood of and greater than 
four is far superior to the ballistic vehicle in ability to 
convert velocity to range. It has the disadvantage of hav- 
ing far more heat convected to it. However, it has the 
compensating advantage that this heat can, in the main, 
be radiated back to the atmosphere. Consequently, the 
mass of coolant material can be kept relatively low. The 
skip vehicle developing lift-drag ratios in the neighborhood 
of four and greater is comparable to the glide vehicle in 
ability to convert velocity into range. Large aerodynamic 
loads and severe aerodynamic heating are encountered by 
the skip vehicle, however, during the skipping process, and 
it is therefore concluded that this vehicle is the least at- 
tractive of the three types considered for hypervelocity 
flight. Several observations are made on the design of a 
manned glide vehicle. In particular it is argued from con- 
siderations of heating that the nose of the body and the 
leading edge of the wing should be blunt. Moreover, it is 
indicated that the wing should incorporate large leading 
edge sweep in order to alleviate the local heating problem 
with minimum drag penalty. An example hypervelocity 
glide vehicle incorporating these design features is de- 
scribed. The paper concludes with some observations on 
satellite vehicles which are treated as a limiting case of the 
ballistic vehicles previously discussed. Attention is 
focused on the problem of re-entry and recovery. It is 
pointed out that if flat re-entry trajectories are employed, 
the ballistic vehicle may experience decelerations which are 
relatively low, while convective heating may be low enough 
to be counterbalanced by radiation. 


Introduction 


YPERVELOCITY vehicles have, coupled with the very 
attractive feature of short time of flight, the possibility 
of achieving very long range. A satellite vehicle, for example, 
can obtain arbitrarily long range over the surface of the earth 


Presented at the ARS Semi-Annual Meeting, San Francisco, 
Calif. June 10-13, 1957. 
1 Aeronautical Research Scientist. Mem. ARS. 
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Long Range Hypervelocity Vehicles 
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with a finite speed. Sanger (1)? was among the first to recog- 
nize this favorable connection between speed and range, and 
he was, with Bredt (2), perhaps the first to exploit the speed 
factor in designing a long range airplane. This design en- 
visioned a rocket boost vehicle attaining hyperspeeds at burn- | 
out and returning to earth along a combined skip-glide tra- 
jectory. Considerable attention was given to the propulsion 
and motion analysis; however, little attention was given to 
what is now considered to be a principal problem associated 
with any type of hypersonic aircraft, namely, that of aerody- 
namic heating. In addition, the nonlifting or ballistic vehicle 
was not treated. 


Since the work of Sanger and Bredt there have been treat-— 4 
ments of long range hypervelocity vehicles in which the pro- _ 
pulsion, motion and heating problems were studied in con- — 


siderable detail. However, these analyses have been devoted — 
in the main to particular designs and are not intended to re-— 
veal, for example, the relative advantages and disadvantages 
of ballistic, skip and glide type vehicles. It is therefore 
undertaken in the present paper to compare the performance — 
of these hypervelocity vehicles. Also, the design of ballistic 

and glide vehicles is discussed briefly. As a final point the 

problem of re-entry and recovery of hypervelocity vehicles — 
from a satellite orbit is treated. : 


Performance of Ballistic, Skip and Glide 


Vehicles 


In this study the point of view is taken that the per- _ 
formance of long range hypervelocity vehicles is measured 
by their efficiency of flight (3). Thus, for example, it is pre- — 
sumed that the advantages of short time of flight accrue — 
equally to all vehicles. 

The efficiency of flight is perhaps best measured by the cost _ 
of delivering a given payload a given range—the higher the = 
cost, the lower the efficiency. It is far beyond the scope of 
this paper to actually compute the cost, so we adopt a more 
accessible parameter of hypervelocity flight, namely, the 
initial mass of the vehicle as a measure of cost. In effect 
then, the assumption is made that the higher the initial mass, — 
the higher the cost and the lower the efficiency. With these _ 
thoughts in mind, we employ the basic performance equation © 


Vy 
mi = 
Tg 
where 

m; = initial mass of vehicle at take-off 
my = final mass of vehicle at end of powered flight _ 
Vy; = final velocity of vehicle at end of powered flight 
I. = effective specific impulse of power plant 
g = gravity acceleration 


This expression clearly demonstrates the roles played by the — 
three factors which influence the initial mass of a vehicle re- 
quired to travel a given range. For one thing, there is the 
power plant and, as we would expect, increasing the effective 
specific impulse increases the over-all efficiency of flight in the — 


2 Numbers in parentheses indicates References at end of paper. 
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sense that it tends to reduce the initial mass. The velocity 
at burnout influences initial mass by dictating the amount of 
fuel required, and it is not surprising that decreasing the re- 
quired burnout velocity tends to decrease the initial mass. 
Finally we see that the initial mass is proportional to the final 
mass which consists of the payload, structure and associated 
equipment, and coolant. If we presume the mass of the pay- 
load to be some fixed quantity then the initial mass will vary in 
accordance with the mass of structure, associated equipment 
and coolant. 

Now we will assume for comparative purposes that the 
power plant for one vehicle is equally as good as the power 
plant for another vehicle—that is to say, the effective specific 
impulse is a more or less fixed quantity. In this event it is 
permissible to restrict our attention to two main performance 
considerations: The prescribed motion or trajectory as it in- 
fluences the required burnout velocity, and the resulting 
aerodynamic heating as it influences structure, associated 
equipment and coolant. Accordingly, we proceed to discuss 
the performance of long range hypervelocity vehicles in terms 
of these factors. 

It will be helpful if at the outset we establish the salient 
features of the trajectories we are considering. These trajec- 
tories are shown schematically in Fig. 1. It is noted that the 
vertical scale on this figure is grossly exaggerated in order to 
better show the glide trajectory and the skipping phase of the 
skip trajectory. First, let us consider the glide trajectory. In 
this case, the vehicle descends and decelerates slowly through 
the earth’s atmosphere in such a manner that the aerodynamic 
lift plus centrifugal force acting on the vehicle just counter- 
balances the weight. Now, turning our attention to the skip 
trajectory we notice that it is made up of ballistic phases con- 
nected by skipping phases. In the ballistic phase the vehicle 
experiences only gravity and inertia forces, and accordingly, 
each phase is simply a segment of one of Kepler’s planetary 
ellipses. During the skipping phase large aerodynamic forces 
are experienced. They tend, in fact, to be so large that for 
most practical purposes it is permissible to neglect the gravity 
force and treat each skipping phase like an impact problem 
(3). The ballistic trajectory is the simplest of the lot, being 
nothing more than a segment of one of Kepler’s ellipses. 

The first question to be answered in connection with these 
trajectories is how do they compare in terms of their ability to 
convert velocity into range? If we denote by R/r the ratio of 
range to radius of the earth, and by V, the ratio of velocity at 
the end of powered flight to satellite velocity, then the de- 
pendence of range on velocity (3) is as shown in Fig. 2. It is 
seen that both the skip and glide vehicles are markedly super- 
ior to the ballistic vehicle in their ability to convert velocity 
into range. The higher the aerodynamic lift-drag ratio, the 
greater is this superiority. On the other hand, at lift-drag 
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= 


ratios of the order of four and greater there is little to choose 
between the glide and skip vehicles. 

We ask now how these conclusions are tempered by con- 
siderations of aerodynamic heating. In order to pursue this 
matter it is helpful to study the convective heating Equations 
[2-4] as they apply to all vehicles of the type under investiga- 
tion. These equations are (3) 

Total heat transfer 


Average he: transfer rate 
de _ 1 


Stagnation point heat transfer rate ess 


C', = equivalent skin friction coefficient 
o = radius of curvature of surface at stagnation point ond 
the remaining symbols have their usual meaning. 


Attention is called first to the total heat transfer which is im- 
portant because it tends to determine the mass of coolant re- 
quired. Specifically we note that total heat transfer to a ve- 
hicle is proportional to the ratio of friction force to total drag 
acting on the vehicle. Physically this result derives from the 
fact that the total amount of heat generated by the vehicle is 
proportional to the total drag, while the amount of this heat 
which is delivered to the vehicle is proportional to the friction 
force. Accordingly, if we wish to decrease the total heat trans- 
fer to a vehicle, it is necessary to decrease the ratio of friction 
force to total drag. Consider now average heat transfer rate. 
This rate is significant because it determines the level of sur- 
face temperatures in the case of radiation cooled vehicle, and 
it determines average flow rates in the case fluid coolants are 
used to protect a vehicle. In addition, average heat transfer 
rates may dictate over-all structural strength of the vehicle 
in the event that thermal stresses predominate. According 
to the Equation 3, average heat transfer rate is decreased by 
decreasing air density, flight velocity or skin friction. 

In addition to total heating and average rate of heating, 
there is the important factor of local heating. Excessive local 
heating is perhaps most likely to be encountered in the region 
of a stagnation point on a vehicle, and stagnation points 
usually occur at the nose of the body and leading edge of the 
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wing. We note that, according to the Equation 4, the stag- 
nation point heat transfer rate varies inversely as the square 
root of the radius of curvature of the surface. Therefore, if 
we are to keep the heating at the nose of the body and the 
leading edge of the wing within reasonable bounds, it is in- 
dicated that these regions should be rounded or blunt. 

Now our problem is to apply these general considerations of 
aerodynamic heating to the several types of hypervelocity 
vehicle under study. First let us consider the ballistic vehicle 
(4). It will be recalled that a relatively small fraction of the 
trajectory of this vehicle is in the earth’s atmosphere. Ac- 
cordingly, we conclude that the effect of aerodynamic drag on 
the over-all range of this vehicle will be minor. This observa- 
tion couples with our observation that total heating of a hy- 
pervelocity vehicle is decreased by decreasing the ratio of 
friction force to total drag of the vehicle. This statement has 
basis in the fact that the ratio of friction force to total drag is 
perhaps most easily minimized by using high drag shapes, that 
is, blunt shapes. It follows then, that the total heating of a 
ballistic vehicle during atmospheric re-entry should be re- 
duced if a blunt shape is employed. The extent of this re- 
duction is shown in Fig. 3. where the calculated total heat 
transfer to conical ballistic vehicles entering the earth’s at- 
mosphere at 20,000 fps is shown as a function of cone angle. 
It is clear that very large reductions in total heat transfer are 
achieved by using blunt rather than slender cones. It is also 
true that maximum local and, to some extent, maximum 
average heat transfer rates are reduced by using a high drag 
shape for a ballistic vehicle (4). The reason is that this shape 
tends to decelerate at higher altitudes where the air is less 
dense. It is clear therefore that the blunt re-entry shape is 
very attractive for ballistic vehicle application. 

It would be most fortunate if we could use the high drag 
technique to minimize aerodynamic heating of skip and glide 
type vehicles; however, this approach does not appear to be 
advisable for the following reason. High drag implies low 
lift-drag ratio. But as we have already observed, skip and glide 
vehicles are potentially superior to the ballistic vehicle 
only if they can develop relatively high lift-drag ratios. 
For this purpose low drag, and hence slender shape, is a pre- 
requisite. Accordingly, it is necessary to look for some 
method other than high drag to minimize the aerodynamic 
heating of skip and glide vehicles (3). One such method is 
especially attractive because of its relative simplicity and this 
is radiation cooling. The practicality of radiation cooling 
depends on how high the surface temperature must be in order 
to reject heat from a vehicle as fast as it is convected to it. 
The required surface temperatures for radiation cooling of 
glide and skip vehicles have been calculated and they are 
shown in Fig. 4. The vehicles are assumed to be conical in 
shape, weighing 5000 Ib and of sufficiently high fineness ratio 
to develop an aerodynamic lift-drag ratio of six. We see that 
under these circumstances the maximum equilibrium surface 
temperatures are somewhat below 2000 F for the glide ve- 
hicle. However, with the skip vehicle these temperatures 
tend to exceed 3000 F for ranges in excess of 2000 nautical 
miles. With the glide vehicle then, radiation cooling appears 
to be highly attractive. However, with the skip vehicle, sur- 
face temperatures would appear to exceed reasonable values 
for ranges of primary interest. 

We conclude that aerodynamic heating of the skip vehicle 
poses relatively serious problems by comparison to those for 
the glide and ballistic vehicles. In addition, the skip vehicle 
is required to experience high normal forces during the first 
skipping phase where aerodynamic heating is most severe. 
For example, a maximum normal loading of the order of 
seven g would be required during this phase for a vehicle 
having a total range of approximately 3500 nautical miles. For 
these reasons and because of the difficulties of guidance and 
control, the skip vehicle is considered to be the least attractive 
of the three types of vehicle we have considered. 

Up to this point we have confined our attention to the mo- 
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Fig. 5 Maximum deceleration of ballistic vehicles during © : 
atmospheric re-entry 

tion and heating of hypervelocity vehicles. It isa matterof 
some interest now to consider their man-carrying capabilities, 
especially those of glide and ballistic vehicles. 

It is fair to assume that the glide vehicle has this capability 
if suitable living quarters can be provided inside the vehicle, 
particularly as regards interior temperatures. However, 
whether or not the ballistic vehicle has the capability o 
being manned is not so obvious and indeed requires some 
clarification. The principal question in this regard is the 
magnitude of the decelerations experienced by the vehicle and 
any human occupants during atmospheric re-entry. Some 
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light is shed on this matter by the results presented in Fig. 
5 where the maximum deceleration in g’s of a ballistic vehicle 
(4) is shown as a function of range. It seems reasonable to 
conclude from this figure that the decelerations are in excess 
of those humanly tolerable except for very short range and 
for very long range flight. Indeed, even in the case of very 
long range flight the g’s are sufficiently high to require that ex- 
treme care be given to the support of an occupant of a ballistic 
vehicle during atmospheric re-entry. We conclude, there- 
fore, that the glide vehicle is generally better suited than the 
ballistic vehicle for manned flight at hypervelocities. 


Some Aspects of Glide Vehicle Design 


We presume at the outset that if the vehicle is to develop 
reasonably high lift-drag ratios it should be slender in shape. 
Since it is to be a manned vehicle it is fair to assume further 
that it should be landable and should have wings. Now we 
have learned from our study of heating that the nose of the 
body and the leading edges of the wings should be blunt to 
alleviate the local heating problem. Blunting the nose of the 
body may not, if properly done, increase the drag of the body 
(5). Blunting the leading edge of the wing will, however, in- 
cur a drag penalty and thereby reduce the lift-drag ratio. 
But this difficulty may be largely circumvented by simply 
sweeping the leading edge of the wing (3). The contribution 
to total drag of the drag at the leading edge is in this manner 
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reduced approximately in proportion to the square of th: 
cosine of the angle of sweep for constant span. The question 
which arises is how does sweep influence heat transfer rate 
The approximate nature of this influence is shown in Fig. 6. 
and we see that sweep decreases heat transfer rate very sub- 
stantially although not to the extent that it decreases drag. 

In any event we are led to the conclusion that the wings on 
a hypervelocity glide vehicle should have highly swept blunt 
leading edges and this observation, coupled with the fact that 
wing weights should be minimized, suggests for our considera- 
tion the low aspect ratio delta wing. In addition to the wing 
we anticipate a need for a vertical tail to provide directiona! 
stability and control and so we are led to imagine as one possi- 
bility a hypervelocity glide vehicle of the type shown in 
Fig. 7. 

It is appropriate to conclude this paper with some observa- 
tions regarding the limiting case of the hypervelocity ve- 
hicles we have been discussing. This case is, of course, the 
satellite, and attention will be focused on the problems of re- 
entry and recovery. 

We will consider the case of re-entry along a ballistic tra- 
jectory. It is anticipated that the trajectory will be only 
slightly inclined to the horizontal—indeed it can be argued 
that every effort should be made to insure that the trajectory 


Re-entry and recovery of a high-drag satellite 
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is only slightly inclined to the horizontal. If it is not, aerody- 
namic heating and aerodynamic loads are increased, and as 
we shall see they are already rather severe. The essential 
features of re-entry and recovery of a.ballistic. vehicle can be 
demonstrated by a particular example. The example vehicle 
chosen consists of a hemisphere 10 ft in diam and weighing 
1250 lb, thereby yielding a ratio of weight to frontal area of 
16 psf.* For this particular case the decelerations and stagna- 
tion point temperatures at which convective heat transfer to 
the vehicle is just balanced by radiation from the surface are 
those shown in Fig. 8. It is interesting to note that the maxi- 
mum deceleration experienced by the vehicle is about 7.2 g 
and that the total time that the vehicle experiences greater 
than 1 g is about three minutes. From the aerodynamic 
heating point of view, it is seen that the maximum e quilibrium 
surface temperature is of the order of 2500 F, and so it is sug- 
gested that the radiation cooling technique may, with the use 
of ceramic outer surfaces, be adequate for this vehicle. 

We can visualize the re-entry and recovery of this vehicle 
taking place in a fashion somewhat like that demonstrated in 
Fig. 9.4 We note on the left of this figure that the vehicle is 
in more or less horizontal flight at high altitudes and high 
velocities in the earth’s atmosphere. The small fins are pro- 
vided at the base of the vehicle to roll stabilize it in a nose 
first attitude. The vehicle has decelerated to velocities of the 


3 The vehicle is assumed to be lowered from a circular orbit 
at about 500 miles altitude to an almost circular orbit at 50 miles 
altitude using a small rocket thrusting in a direction opposite to 
its direction of motion. 

* Note that Fig. 9 is purposely distorted to better visualize 
the trajectory. 


order of several hundred fps and has a more or less vertical 
trajectory by the time it has reached 50,000 ft altitude. Ac- 
cordingly, at some altitude below 50,000 ft it should be per- 
missible to deploy a parachute which will further decelerate 
the vehicle to a nondestructive landing speed. 

In concluding these remarks a word of caution is in order. 
The observations that have been made are based on what 
we know now about the mechanics and thermodynamics of 
flight at very high velocities and high altitudes. Actually, 
this knowedge is of a very limited extent and is in the main 
unconfirmed by experiment. There is a great need for addi- 
tional theoretical and experimental research into the problems 
of hypervelocity flight before it can become a practical reality. 
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Some Characteristics of the Upper Atmosphere Pertaining 
Hypervelocity Flight 
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The chemical processes which occur in the air are dis- 
cussed relative to their effects on the density and tempera- 
ture structure of the atmosphere. The reactions responsi- 
ble for most of the solar energy absorption are outlined 
along with the major rate controlling reactions which de- 
termine the atmosphere’s state of chemical equilibrium. 
It is demonstrated that because of the low density most 
of the aerodynamic force and heat transfer effects become 
secondary above 60 miles altitude, for vehicles traveling 
at speeds up to escape velocity. Meteor and cosmic par- 
ticle problems and other hazards which arise at high alti- 
tude are considered with relation to flight. It is concluded 
that these hazards will probably not prohibit manned 
flight through the upper atmosphere. 


Presented at the ARS Semi-Annual Meeting, San Francisco, 
Calif. June 10-13 1957. 
1 Aeronautical Research Scientist. 


NOVEMBER 1957 


Introduction 


NTIL “little more than a decade ago, the nature of the 

outer atmosphere could only be deduced from observa- 
tions made below 20 miles altitude. Now, however, instru- 
ments have been carried by rockets to altitudes of at least 250 
miles, and it is anticipated that better and more complete 
measurements will soon be made from satellite vehicles. Un- 
doubtedly, then, our knowledge of the atmosphere will be 
rapidly filled out in considerable detail. The purpose of this 
paper is to outline briefly the present body of knowledge into 
which these details will be fitted, and to discuss some of the 
features which pertain to flight through the upper atmos- 
phere. 

The history of our atmosphere can still be only dimly in- 
ferred from its relation with the geology of our earth. One 
plausible postulate is that the early atmosphere was rich in 
CO, but devoid of oxygen until traces of the latter were 
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omy accumulated from the oxygen produced by plant life 


As soon as this oxygen trace was sufficient to 


attenuate the sun’s ultraviolet radiation, plant life burst 


_ forth on the land with such profusion that, during the carbon- 
-_iferous eras, the CO, was largely consumed and simultaneously 
the O2 concentration increased to the level we know today. 

Whatever the merits of this particular postulate, it is almost 
certain that the atmosphere has changed and continues to 
change on a geological time scale. The possibilities for such 

change are apparent when one considers the intimate interde- 
pendence between the physical state of the atsmosphere and 
the dynamic equilibrium of the chemical reactions that occur 


there. 
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AURORA DISPLAY 


Photochemistry of the Atmosphere | 
Fig. 1 presents some of the more important features of at- i 
mospheric physics and chemistry. The temperature and ‘ 
density curves are the ICAO Standard Atmosphere Extension t 
(1),? and in the upper regions these are based on recent meas- I 


urements made from rockets. Consider first the density 


curve. The dominant factor is the earth’s gravitational pull \ 
on the atmosphere, as this results in the exponential-like 8 
decrease in density p with increasing altitude h. However, a 
the logarithmic density derivative with altitude is inversely Pp 
proportional to both the gas constant R/M and the tempera- 

ture 7’, and these factors are strongly influenced by the chem- be 
istry of the atmosphere. The decrease in mean molecular F 
weight M, and the increase in temperature above 100 miles ul 
cause the density in this region to be substantially larger than at 
the simple exponential relation that would obtain for a non- ba 
dissociating, isothermal atmosphere. The chemical effects ba 
are very apparent in the temperature curve. Near the earth, sel 
temperature falls in the normal lapse rate depending upon the rol 
humidity but from about 15 to 30 miles the temperature gocs Ser 
through a hump because of absorption of the near-ultraviolet tal 
by the layer of O; that occurs at this level. At 60 miles the fro 


- temperature begins a steady rise due to absorption of energy 
in the dissociation of oxygen and the formation of the ions of 
the E layer. Above 90 miles the oxygen dissociation is com- \ 


plete, and there may be some dissociation of nitrogen thoug) atn 
this is not certain. In any event the energy absorbed in dis- | ™0 
sociation reactions and in forming the ions of the F layei not 
leads to very high temperatures above 100 miles, the orde: trog 
of several thousand degrees Rankine (2). These tempera- At | 
tures are a measure of the energy of random molecular the 
motion at these altitudes, but they do not have the same abil: 
consequences that we are used to at lower levels. Forexample, | "Fa 
a body placed in this region would come to a rather low tem- duce 
perature determined largely by radiation, for the air is so thin actic 
that conduction has a very small effect on the heat balance. | Prod 
In addition, the molecular kinetic energy is not in equilibrium | 1” th 
: with the internal energy of the molecules. Some of the spec- | Pres 
tra observed in airglow and in auroral displays show rotational | #tom 
temperatures of the order of 400 deg R throughout the upper effec 
atmosphere even though kinetic temperatures are much Th 
higher (3). The temperature does not increase indefinitely, of than 
course. Eventually collisions become so rare that the air absor 
molecules and atoms merely follow great arcs as they exchange | OXY8¢ 
kinetic energy and gravitational potential. Near the top of | #7 P! 
these ares, the temperature taken as a measure of kinetic en- } acti 
ergy becomes very low. from 
Before considering the chemistry of air in more detail, it to the 
will be helpful to discuss briefly the airglow and auroral phe- The q 
nomena since at present these provide most of the useful clues | ©X¢ite 
to the chemical state of the upper atmosphere (4). The air- from 
glow is the release of energy in radiant form which occurs when [80Clat 
the excited molecules and atoms in the atmosphere are gradu- other 
ally returned to their normal state. These air particles are these 
excited by absorption of the ultraviolet and soft X-ray spec- |O*%Y8e! 
trum of the sun throughout the upper atmosphere, and so the tions 2 
airglow generally does not have any distinctive features which |8°" 20 
can be triangulated for altitude and position. However, the tween | 
most intense airglow radiations probably come from the 60 to |OXY8en 
190 mile range. The auroras, on the other hand, are often |CUrS Mm: 
relatively well-defined, vertical sheets of ionization and exci- 2100 A 
tation from which information can be obtained as a function of ciently 
altitude to very high levels. These sheets occur only in rather be calet 
narrow ring zones about the geomagnetic poles, as shown in shows, 
Fig. 2, and they appear sporadically from 60 to 600 miles al- sehen 
wiligh 


 titude. The auroral spectra show that the exciting particles 
include hydrogen nuclei and from the shift in the He 6563 A Made fr 
line, these particles come in with velocities of at least 1900 lation, | 


miles per sec. The auroras coincide with sunspot activity so wea at 
at norm 


this leve 


* Numbers in parentheses indicate References at end of paper. 
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consistently that the proton streams probably come from the 
sun. The fact that the auroras appear only in ring zones 
about the magnetic poles indicates that these streams are 
strongly focused by the earth’s magnetic field. The accelera- 
tion and focusing of the protons is only partly understood, 
however. It is not even known whether the ring sheets are 
more or less complete during a period of auroral activity, nor 
whether the displays occur simultaneously in northern and 
southern hemispheres. Some of these questions will be 
answered by observations being made now during this geo- 
physical year of planned research. 

The atoms and molecules responsible for the prominent 
bands and lines in the airglow and the aurora are outlined in 
Fig. 3. Atomic oxygen lines are prominent in both, but molec- 
ular oxygen bands are absent in the auroras since they occur 
at altitudes where oxygen is dissociated. Molecular nitrogen 
bands are formed in both, but atomic nitrogen lines and N.* 
bands are prominent only in the auroras. N,* bands are ob- 
served in airglow whenever there is the slightest hint of au- 
roral activity but there is disagreement whether they are ob- 
served in airglow otherwise (5). The auroral spectra also con- 
t tain lines of exciting protons and the airglow includes emission 
from sodium and from hydroxy] radicals. The hydroxy] lines 
are important as they show that water vapor exists at very 
f high altitudes. 

Very little is understood about nitrogen reactions in the 
}, | atmosphere. The strong N.* bands in the aurora show that 
molecular nitrogen must exist at very high altitudes, and it is 
not clear why diffusive separation between the molecular ni- 
trogen and atomic oxygen does not occur at much lower levels. 
At the same time, wherever N2* exists along with electrons, 
the dissociation reaction shown in Fig. 4 has a very high prob- 


“ ability and this accounts for the atomic nitrogen lines in au- 
». | roral spectra. The N,* in the auroral sheets is possibly pro- 
,- | duced by the proton bombardment as shown in the second re- 
y | action of Fig. 4. It is expected that N.*+ would also be 
e. | produced by absorption of soft X rays from the sun as shown 
m | in the third reaction, in which case atomic nitrogen must be 
¢- | present in the upper atmosphere generally. The absence of 
| | atomic nitrogen lines in the airglow may merely mean that no 
er | effective mechanisms of recombination are active there. 

rs The photochemistry of oxygen is understood much better 
of | than that of nitrogen. Since all the major bands of energy 
ir | absorption can be accounted for by known reactions involving 
ge | Oxygen, at least the elements of atmospheric photochemistry 
of | are probably secure. Starting from the lowest level, the first 
n- | Teactions of importance are encountered in the ozone layer 


from 15 to 30 miles. The rate controlling reactions leading 
it | to the formation and destruction of ozone are shown in Fig. 5. 
The quanta absorbed in raising the oxygen molecule into the 


ce excited state lie in the Runge-Schumann absorption bands 
jr- | from 1900 to 1750 A. The excited molecule may either predis- 
en |Sociate or form ozone and atomic oxygen by collision with an- 
iu- Other oxygen molecule. The oxygen atoms formed in both of 
ire | these reactions enter a three-body collision with molecular 
oc- }oxygen to form ozone. The major ozone destruction reac- 


jhe [tions are the photodissociation of ozone into molecular oxy- 
ich [gen and an excited atomic oxygen and also the reaction be- 
Fhe [tween the excited atom and another ozone yielding molecular 
‘to (oxygen. The photolysis of the first destructive reaction oc- 
ten |curs mainly by absorption in the Hartley bands from 3200 to 
<ci- [2100 A. The rate constants for these reactions are suffi- 
of (ciently known that the equilibrium ozone concentration can 
her |Pe calculated as a function of altitude. As the graph of Fig. 5 
_ in Shows, the results agree favorably with observations based on 

|. other effects of ozone concentration such as light scattering at 
Jes twilight (6). Recent measurements of ozone concentration 
3 A made from rockets do not agree quite so well with the calcu- 

09 lation, but the disagreement is not far beyond experimental 
error, at least. The percentage of ozone in this layer is toxic 
at normal densities so the air supply for humans traveling at 
, this level could not be obtained by simply compressing the 
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Fig. 6 Oxygen dissociation in the atmosphere; 60-90 miles 


external atmosphere. Ozone is not formed noticeably at 
higher altitudes, however, because the density becomes too 
low for the three-body collision to be rate controlling. At 
lower levels, the principal exciting radiation is screened out, of 
course. 

Fig. 6 shows the oxygen dissociation reaction which absorbs 
the Runge-Schumann continuum from 1750 to 1200 A. This 
absorption is so strong that it is virtually certain that all oxy- 
gen above the 90 mile region must be completely dissociated. 
The recombination reactions which are rate determining in 
the dissociation layer are the direct recombination leading to 
an excited molecule and airglow radiation, and the three-body 
collision between two oxygen atoms and a third particle, the 
third particle serving to carry away the excess kinetic energy 
so that the oxygen molecule can be stable. In addition, re- 
call that the E layer of ionization occurs at this altitude. 
Since oxygen atoms have a high electron affinity, many O- 
ions are formed and these react with oxygen atoms to yield the 
molecular state and a free electron. Again, at higher alti- 
tudes the three-body collision reaction drops out and the 
equilibrium state shifts toward complete dissociation, while 
at lower altitudes the exciting radiation is absent. 

It should be noted that many additional chemical mech- 
anisms are operating in both the dissociation of oxygen and 
the ozone systems. In addition, many reactions involving 
minor constituents of the atmosphere occur. The reactions 
shown in Figs. 5 and 6 are the major ones that control the 
rates and lead to the most important energy absorption. The 
impact of this energy absorption on solar radiation is illus- 
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trated in Fig. 7. The top curve shows the intensity of the 
most energetic portion of the sun’s spectrum as it probably 
appears at the top of the atmosphere.’ In the infrared and 


visible region, the sun radiates as a black body at 11,000 deg 
R, but in the ultraviolet the sun’s equivalent temperature 
drops to 9000 deg R. This drop in intensity is doubtless due 
to absorption by gases in the chromosphere which are cooler 
It can be seen that the oxygen reac- 


than the sun’s surface. 


ALTITUDE, 
MILES 


a7 


tions discussed previously account for nearly continuous ab- 
sorption of the ultraviolet regions of the spectrum. As a 
result, the energy spectrum received at the earth’s surface is 
effectively chopped off at the violet end of the visible region 
as shown by the zero altitude curve. Spectrographs carried 
by rockets have recorded the extension of the spectrum above 
the ozone layer where the absorption of the Hartley bands 
from 3200 to 2100 A is absent. This is shown in the 40 mile 
altitude curve. As spectrographs are carried still higher be- 
yond the oxygen dissociation layers at 90 miles, they record 
an additional extension of the spectrum into the 1900 to 1750 
A region, where the Runge-Schumann absorption bands of 
molecular oxygen occur. The Runge-Schumann continuuin 
region from 1750 to 1200 A will be attenuated as long as oxy- 
gen atoms are present, and similarly the soft X-ray region of 
the spectrum is attenuated in forming ions clear to the limits 
of the atmosphere. It may be mentioned that the equivalent 
black body temperature of the sun increases tremendously in 
the soft X-ray region, up to several hundred thousand degre«s 
Rankine (8). Although the X rays do not contribute appre- 
ciably to the total solar radiant energy, the ions produced by 
these rays have a catalyzing influence on some of the impor- 
tant reactions as discussed previously. In this way, the X 
rays also contribute significantly to the state of dynamic bai- 
ance achieved in the atmosphere. 


Aerodynamic Forces and Heat Transfer 


With the above summary in mind, let us consider those 
properties of the atmosphere which may directly influence 
flight. From the viewpoint of the aerodynamicist, the most 
distinctive feature is the rapid decrease of density with alti- 
tude. As density decreases, the mean free path between mo- 
lecular collisions increases, Fig. 8. At about 60 miles, this 
length becomes the order of 0.01 the diameter of a practical 
size vehicle, and this will be taken as the limit of continuum 
flow. Except for the thinly concentrated ozone layer and the D 
ion layer that appears at about 50 miles during daylight, the 
atmosphere up to this point is in a relatively normal state. 
There seems little need to consider these departures from nor- 
mal in aerodynamic continuum problems. Between 60 and 
90 miles the typical vehicle will be in a region known as slip 
flow, and above this the mean free paths exceed the order of 10 
vehicle diam and the flow becomes the free-molecule type. 

The three types of flow are illustrated in Fig. 8. Jn contin- 
uum flow, the molecules entering a cross section somewhat 
larger than the vehicle are influenced by the vehicle’s motion. 
This occurs through the countless collisions with other mole- 
cules which have been similarly influenced. The concept be- 
hind free-molecule flow is that practically none of the mole- 
cules collected are previously influenced by the vehicle’s mo- 
tion. Slip flow is the transition between the continuum and 
free-molecule type flows, in which part of the molecules suffer 
a few collisions before reaching the vehicle. 

For the purposes of transient flight in the atmosphere, it is 
not essential to understand the slip and free-molecule type 
flows perfectly, because above 60 miles the aerodynamic force 
and heat transfer effects become small. Fig. 9 presents the 
dynamic pressures as a function of altitude for vehicles trav- 
eling at satellite and escape velocities. The drag on the ve- 
hicle is the product of the drag coefficient, the dynamic pres- 
sure, and the area. The dynamic pressures are so small, only 
1 lb/ft? even at the lower limit of slip flow, for example, that 
it is not necessary to know the coefficient with great accuracy 
for flight of short duration. Of course, for satellites the drag 
is important, even though small, because it determines the 
life of orbiting flight. However, these vehicles will travel well 
into the free-molecule flow region, where the drag coefficients 
can be predicted fairly well (9). 

The heat transfer also becomes very small at these alti- 
tudes. Fig. 10 shows the surface temperatures required to 
radiate all the kinetic energy of the atmosphere intercepted at 
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| 
satellite and escape speeds. At these velocities, the chemical 
potentials are all small compared to the kinetic energy flux and 
so this flux pu*/2 is essentially the maximum energy available 
for heat. It can be seen that fairly moderate surface tem- 
peratures are sufficient to dispose of this heat, except at the 
lower limit of slip flow. At this point, however, the calcu- 
lation is highly pessimistic because something less than the 
total kinetic energy flux is converted into heat as continuum 
flow conditions are approached. By providing a somewhat 
larger radiating surface than frontal area, the designer can 
limit the vehicle’s surface temperature to reasonable values. 
In the continuum flow region, the heating rates become very 
high at these velocities in spite of the small fraction of kinetic 
energy flux converted to heat in the vehicle, and methods other 
than radiation often must be used to alleviate this heating. 
Although the heating rates are not excessive for high speed 
vehicles in the upper atmosphere, the molecular bombardment 
is so energetic per unit particle that sputtering, vaporization 
ablation or destructive chemical reactions are possible on the 
vehicle surface. For example, at escape velocity, a molecule 
of nitrogen strikes with 18.2 electron-volts energy, whereas the 
vaporization energy of iron is but 4.2 electron-volts per atom. 
Here again, however, the low density of the upper atmosphere 
is a controlling factor. The maximum possible erosion rates 
are shown in Fig. 11, and for most purposes these are rather 
small (10) with the exception of the slip flow region. Here 
again, the maximum is unduly pessimistic and at worst it 
may be necessary to program high-speed flight for only short 
intervals at these altitudes. 


High Energy Particles in the Upper Atmosphere 


The effects of low density at high altitude are not all bene- 
ficial. The region above 30 to 60 miles is transparent to high 
energy photons and particles from outer space. The ionizing 
effects of the ultraviolet and X-ray photons which were con- 
sidered earlier are very damaging to living cells, but thin lay- 
ers of most solid materials will effectively shield humans from 
these rays. Other particles from space will not be so easily 
absorbed however. By far the most energetic of these parti- 
cles are the meteors. The velocity of meteors as a function of 
altitude in the atmosphere is shown in Fig. 12. The entrance 
kinetic energy per unit mass is the sum of the kinetic energy 
due to the initial velocity u., relative to the earth, plus the 
potential gain in the fall through the gravitational field. The 
minimum entrance velocity wu, is obtained when w,, is zero 
and it is just the escape velocity, 36,000 fps. A decelerating 
collision would be required to produce a slower meteor and as 
the energy equation of Fig. 12 shows, this collision would need 
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Fig. 13 Cosmic particles in the atmosphere 


to occur within 50 earth radii R to affect the terminal velocity 
1 per cent. The 36,000 fps minimum velocity is observed 
since collisions are unlikely in this range. The maximum 
meteor velocity observed is about 236,000 fps. This is at- 
tained by meteors falling into the sun from rest at infinity, 
and from a direction opposite to the earth’s velocity vector. 
Since higher speed meteors are quite infrequent, it is deduced 
that nearly all meteors originate within the solar system. 

As the meteors enter the atmosphere, their velocity re- 
mains nearly constant until a level of critical density is reached 
where they are decelerated and vaporized in a relatively short 
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interval. The larger the meteor the lower this critical alti- 
tude. Meteors larger than 1 in. diam get down into contin- 
uum flow where the rapid ablation ceases, and they are able 
to reach the earth’s surface partly intact. The meteors which 
vaporize in the upper atmosphere, leaving observable trails of 
ionization and radiation, range in size from 1 to .001 in. diam. 
In spite of their small size, these meteors carry tremendous 
kinetic energy, up to 10’ ft-lb, and they have the same de- 
structive potential as a shaped charge of high explosive. The 
chance seems to be rather small that a vehicle will encounter a 
meteor of this size or larger (11,12), but it may be necessary 
to provide for emergency repair of meteor damage on vehicles 
which are to be sustained at high altitudes for long periods. 
A more persistent source of trouble for such vehicles will be 
the continual sandblasting by micrometeoric dust particles. 
These particles have low specific gravity and range in size 
around one-millionth in. diam, but they are much more nu- 
merous than larger meteors. Their rate of impact on rockets 
has been counted and it is estimated that the earth accumu- 
lates between 100 and 1000 tons of these particles each day 
(13). The erosion rates shown in Fig. 11 do not account for 
the particle sandblasting effect and perhaps these rates should 
be increased. However, the erosion from the micrometeoric 
dust has not proved serious for flights through the atmos- 
phere of short duration. 

Fig. 13 introduces another class of particles no longer 
screened out by the atmosphere at high altitudes. We have 
learned what cosmic rays consist of just within the last two 
decades; their origin is still in question. The confusion which 
existed before this is understandable since the primary par- 
ticles do not reach the earth but produce a bewildering variety 
of secondary particles and radiation when they collide with 
the nuclei of atmospheric particles. These nuclear bursts oc- 
cur from 15 to 30 miles altitude, producing neutrons, elec- 
trons, positrons, X rays, neutrinos, mesons and various light 
nuclear fragments. Above 30 miles, the cosmic particles are 
all primaries, and these consist of protons and alpha particles 
with traces of some heavier nuclei up to iron (13). 

Most of the data about the primary particles now available 
are from balloon-carried instruments rather than rockets since 
balloons can maintain a fixed altitude, up to about 20 miles, 
long enough to give good statistical precision to cosmic par- 
ticle counts. It will be possible to make measurements of 
comparable precision at higher altitudes as soon as satellite 
instrument carriers are available. One of the important 
features observed is that the flux of primary cosmic particles 
increases markedly with latitude. This is because the parti- 
cles which approach the earth along the geomagnetic equato- 
rial plane are deflected by the earth’s magnetic field H which 
is perpendicular to the charged particle’s velocity vector u. 
The higher energy particles will enter the atmosphere in spite 
of this deflection, of course, and at each latitude there is a 
characteristic threshold energy depending on the mass m and 
the charge Ze of the particle. In the polar regions, the mag- 
netic field is parallel to the velocity of the incoming particles 
and the full energy spectrum of primary cosmic radiation is 
obtained. 

The primary cosmic particles travel at velocities near the 
speed of light c. Therefore, they penetrate matter easily and 
show a low rate of absorption. Their principal effect is to 
leave a trail of ionization in the matter they have traversed, 
and occasionally the trail terminates in a burst where a nu- 
cleus disintegrates. The ionizing effects are selfhealing in a 
conducting material, but nonconductors will gradually change 
properties on prolonged exposures. It is of paramount im- 
portance to know the biological effects of this radiation so that 
men can be sent with vehicles into the outer atmosphere. So 
far, the effects have not been found serious, at least for mod- 
erate exposure times, though this may be partly because the 
effects develop slowly and are not spectacular (14). At 
worst, it appears that cosmic radiation will be a hazard of 
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lesser degree than several of the other hazards of high alti- 
tude flight which must be accepted. This hazard may be 
somewhat decreased by flying near the geomagnetic equator. 

The health physics of flight in the upper atmosphere is a 
subject of great scope and interest aside from the cosmic ray 
problem. In passing, it may be remarked that none of the 
problems seem insurmountable. Acceleration problems as- 
sociated with getting into an orbit appear solvable by pressur 
control at the surface of the human body and the problem oj} 
weightlessness appears solvable by adaptation, at least for 
moderate periods (15). Cabin climatization and visual 
light control problems should succumb to clever design. Fi- 
nally, animals have already been sent to high altitudes in rock- 
ets without developing notable symptoms of disturbance or il] 
health (16). Everything considered then, manned flight into 
the upper altitudes seems definitely feasible and rather mod- 
erate extensions of our present knowledge should be suf- 
ficient to make the attempt practical. 

In summary, our knowledge of the atmosphere is beginning 
to fit a reasonably consistent pattern and it becomes extremel) 
intriguing to fit the details into this pattern. The means oi 
obtaining these details are now becoming practical and in a 
very real sense the upper atmosphere is a challenging frontie1 
for both intellectual and physical pioneering activity. 
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The main structural problems arising from hypersonic 
flight are those associated with aerodynamic heating. 
This phenomenon introduces transient variations in tem- 
peratures which result in thermal stresses which can be 
intolerable. The high 
finally reached result in creep, which cannot be reliably 
predicted for vehicles in flight because the necessary stress- 


severe or even temperatures 


strain-time temperature relations are not in general 
known. The associated loss of structural strength has 
been a problem for engine designers for years and their 
proposed methods for tackling the problem have consider- 
able relevance. 
temperature strength are generally associated with re- 
duction in ductility so that thermal shock becomes a 
problem. There does not appear to be a single best way 
to solve these difficulties, but rather a combined attack 


It turns out that improvements in high 


is needed in which material properties, structural design 
and evasive tactics such as cooling are carefully optimized. 


= - 


Introduction 


OWEVER they may have appeared at the time, in retro- 

spect the structural problems of subsonic flight exhibit an 
engaging tractability—at least one generally knew how to go 
about solving them. The airloads were translated into 
stresses by means of the theory of elasticity, which expresses 
the proportionality of stress and strain. One had, of course, 
to check on the suitability of the material from a fatigue 
point of view in order to insure against failure by repeated 
loads. Also, because stress concentrations are unavoidable 
in practical structures, the material had to have adequate 
ductility to avoid fracture in areas of high stress. However, 
the laws of elasticity provided a reliable guide to the ap- 
proximate behavior of proposed structures and satisfactory 
materials were available. As a result, designers with ex- 
perience and skill could practice their art with a measure of 
confidence. 

Under the flight conditions and high speeds made possible 
by modern means of propulsion, the situation is entirely 
different. Lack of satisfactory materials places a limit 
upon obtainable speeds, and methods of structural analysis 
are becoming far too complex. Indeed, for some structural 
problems satisfactory methods have not yet been developed. 


The underlying cause of most of these difficulties is aero-— 


dynamic heating. The following is a brief account of the 
difficulties and the status of efforts to solve them. 


In order to provide a background for what follows some of 
the published results of aerodynamic heating studies first will 
be recapitulated. 

When air flows at high speed over the surface of an air- 
plane or missile in flight, the air close to the surface is heated 


by adiabatic compression, by viscous energy dissipation or 
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both. This heat is communicated to the surface at a rate 
which depends upon many factors such as the configuration 
of the vehicle, the position upon it, the velocity, the altitude 
and the difference in temperature between the skin and the 
heated air. Typical heating rates are shown in Fig. 1 for the 
case in which the skin is at ambient air temperature. This 
figure shows how such heating rates vary with altitude and 
Mach number. A continuous heating rate of 100 Btu/sq ft 
per sec will melt an inch-thick plate of steel in about two 
min. It is clear from these results that there must be limits 
to the speeds that can be tolerated, and that the allowable 
speeds are higher at higher altitudes. 

There is also a lower limit to the speed at which an aircraft 
‘an maintain steady flight at constant altitude. Below this 
speed the weight exceeds the supporting forces, which are lift 
and centrifugal force. As a result, there exists what is called 
a corridor of continuous flight, shown in Fig. 2; if skin tem- 
peratures considerably in excess of 1500 F can be tolerated, 
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there is no structural obstacle to the attainment of arbi- 


trarily high flight speeds, provided the altitude is appro- 
priately chosen. If such skin temperatures cannot be toler- 
ated, then an upper limit to flight speed exists which depends 
on the tolerable temperature level. 

Typical flight paths of high speed vehicles are shown in 
Fig. 3, taken from (1).? It is apparent that re-entry bodies 
experience temperatures and heating rates such that melting 


may occur. 
Thermal Stresses 


The first consequence of the rapid heating of an aircraft 
or missile is a variation in temperature through the struc- 
ture. This variation gives rise to stress because the thermal 
expansion of the heated regions is inhibited by the presence 
of cold areas. In the simple case in which a beam is con- 
strained to retain its length, when its temperature is changed, 
it acquires a stress equal to Ha(AT) where E is Young’s 
modulus, a is the thermal coefficient of expansion, and AT is 
the temperature change. The expression Ea, which may be 
regarded as the stress produced in this simple case per deg F 
rise in temperature, can be found for a number of materials 
in Table 1. Inspection of this table shows that stresses ap- 
proaching the yield point of the material may be anticipated 
when temperature variations of several hundred deg are 
present. 

Fig. 4, based on data furnished by the Ames Laboratory of 
the NACA, shows the temperature distribution at a certain 
instant of time in a multi-web wing in high speed flight. 
The maximum temperature normally occurs at the leading 
edge, while chordwise variations reflect the effects of the 
presence of webs. The stress depends upon the temperature 
distribution throughout the structure, and this varies rapidly 
with time until thermal equilibrium is established. Con- 
sequently, the stress distribution changes with time also. 
Thermally induced stresses found in this manner must be 
added to stresses arising from other sources. The thermal 
stresses in the skin of a heated wing are normally com- 
pressive and can cause buckling in aggravated cases even 
in the absence of stress caused by loads. Such buckling dis- 
turbs the air flow, and also reduces the wing stiffness, which 
may lead to aeroelastic difficulties. 


Creep 


Thermal stresses are characteristic of the early stages of 
rapid heating and tend to be alleviated as the temperature 


2 Numbers in parentheses indicate References at end of paper. 
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becomes uniformly distributed. However, two other diffi- 
culties then become serious—the onset of creep and the loss 
of structural strength. These are related, but for the pur- 
pose of this paper it will be convenient to consider them 
separately. 

When metals are held at constant stress at elevated tem- 
peratures, the strain increases slowly due to a phenomenon 
known as creep. If alternatively, a load is applied suddenly 
and the resulting strain held constant, the stress diminishes 
slowly with time and stress relaxation is said to occur. 

Most experimental work with creep and stress relaxation 
has been carried out at constant temperature. However, in 
practice both the stress level and the temperature vary with 
time and a functional relation expressing the dependence of 
creep on these quantities is needed for purposes of analysis. 

A number of attempts have been made to express creep in 
functional form. Among the best known of these is an em- 
pirical law due to Andrade (2) which expresses the length / 
of a specimen flowing under constant stress at constant tem- 


perature as 
= (1 + Bt!) exp (Kt) 


where ¢ is time and h, 8, and K are constants, Since this 
equation does not prescribe how creep rate is influenced by 
changes of stress or temperature, its structural significance 
is limited to such problems as determining whether dimen- 
sional tolerances will be exceeded by a part which is subject 
to constant temperature and tensile stress. 

The so-called “mechanical equation of state” attempts to 
express creep in a more useful form. It assumes the validity 
of an equation of the form 


é = flo, €, T) 


where og, e, and T' are stress, strain, and temperature, respec- 
tively, and ¢ is strain rate. The implication of the equation 
is that the rate of strain depends only on the instantaneous 
values of stress, strain and temperature. This is not true, 
since in general the previous history of the material has a 
strong influence on the strain rate. However, the equation 
has been used in structural analysis on occasion for lack of 
something better; it can be used to obtain answers where 
stresses and temperature vary with time, whereas Andrade’s 
equation cannot. 

In a very extensive experimental investigation, Dorn and 
his associates (3) have studied the creep characteristics of 
dilute binary solid solutions. They found it possible to de- 
rive a satisfactory formula for creep for such alloys which 
is applicable in the upper half of the temperature range 
extending from absolute zero to the melting point. This 
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Table 1 
E Melting 

a (°F Ea ) Ib 1 temperature 
xX 10-6 in? in? 108 
Beryllium 8 352 .066 6.6 2340 
Magnesium 16 th 102 066 1.0 1202 
Aluminum 14.5 .100 1220 
Titanium 5 _ 83 .170 1.0 3300 
| Chromium 4 180 . 260 1.8 3430 
| Tron 7 203 1.0 2802 
Cobalt 226 1.0 2723 
Nickel 8 | 248 322 1.0 2651 
Molybdenum 2.6 135 1.4 4760 
Tungsten 697 0.9 6170 


formula relates creep strain to stress and temperature- 
compensated time in a simple way involving such funda- 
mental parameters as the gas constant, and the activation 
nergy for self diffusion in the base material. However, the 
formula is inaccurate for a period of time following a sudden 
change of stress and does not apply at all to the complex 
alloys of interest for structural purposes. In such alloys, 
thermally induced changes in the metallurgical structure may 
alter the mechanical properties drastically in a manner not 
anticipated in the usual type of creep equation. 

Pending discovery of an accurate and sufficiently general 
creep law, structural studies are made based on simplified 
laws of restricted validity under special conditions. In this 
class come creep buckling theories and experiments (4-8). 
It should be noted, however, that even under the simplifying 
assumptions employed, the analysis is very complex. Whereas 
elastic column buckling is characterized by a critical strain 
which depends only on the geometry of the column and the 
applied end restraints, creep buckling is characterized by a 
progressive deflection which depends upon geometry, end 
restraints, initial eccentricity, temperature, structural ma- 
terial, and the applied load, and it involves complicated nu- 
merical calculations. 

The above treatment of creep laws and their application 
to structural problems has been limited to the uniaxial case. 
Computation of plate and shell creep buckling, as well as 
two and three dimensional stress analysis in the presence of 
creep require a knowledge of polyaxial creep laws, concerning 
which our knowledge is far less than for the uniaxial case just 
discussed. 

To summarize, it may be said that generally valid stress- 
strain-time-temperature relations do not exist for structural 
materials at present so that accurate prediction of the be- 
havior of structures under variable loading conditions at high 
temperatures is in principle impossible. In addition, even 
simple idealized problems such as column buckling attacked 
with the aid of simplified creep laws require complex calcu- 
lations for their solution, and it may be anticipated that 


adequate treatment of complicated problems will present 


very formidable difficulties, indeed. : 


Strength of Metals and Alloys 


The presence of creep may introduce intolerable changes of 
dimension and distortions in a structure subjected to high 
stress at elevated temperatures. In addition, as the tem- 
perature increases, the strength of the material decreases. 
The strength, or load-carrying capacity, depends not only 
on the temperature, but also on the time during which the 
load is applied. A common method of comparing the strength 
of high temperature alloys is in terms of the creep strength 
for a specific period of time. This is the maximum stress a 
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tensile specimen can sustain at the specified temperature 
for the specified time without rupture. 

The creep strength of metals at elevated temperatures 
varies in approximately the same manner as the melting 
points. The latter are given for some metals of structural 
interest in Table 1. 

It is evident that for good high temperature properties, it is 
desirable to select a metal with a high melting point. A pure 
metal is relatively soft, however, and to become structurally 
useful it must be hardened. This can be accomplished in a 
variety of ways. Work hardening is of limited applicability 
because at sufficiently high temperature annealing occurs. 
A number of other approaches are available, however, all of 
which depend in one way or another on altering the material 
in such a manner as to impede the action of creep. 

One approach is solution hardening, in which one or more 
alloying elements are added and remain in solid solution. 
A second is precipitation hardening, which is usually ac- 
complished by dissolving an excess of alloying material at 
high temperature, and then depositing it out by a quench 
followed by a suitable heat treatment. The variation in 
solubility with temperature tends to make alloys prepared in 
this fashion somewhat unstable and certainly results in the 
existence of a limiting temperature, above which the pre- 
cipitate and its hardening effects disappear. An example 
of this is the rapid loss of strength of carbon steels with in- 
creasing temperature. Attention has, therefore, been focused 
recently on alloys containing insoluble precipitates such as 
oxides. The SAP aluminum alloys, consisting of sintered 
aluminum powder, the grains of which have been oxidized on 
their surfaces, exhibit excellent creep resistance. A promising 
method of forming such precipitates, currently being investi- 
gated, is that known as internal oxidation. 

Commercial high temperature alloys often depend on a 
large number of different strengthening effects. In such ma- 
terials the effects of all of the constituents on the micro- 
structure and on the mechanical properties are only partially 
understood. There are, however, general guides to alloy de- 
velopment. The jet engine material, Discaloy, for example, 
uses an iron base because iron is nonstrategic, economical and 
has a fairly high melting temperature. Nickel is added to 
change the alloy structure from body centered cubic to face 
centered cubic, which improves both high temperature creep 
resistance and low temperature ductility. Chromium is 
added to improve the corrosion resistance. Silicon is added 
to deoxidize the iron, and manganese to counteract the em- 
brittling effects of residual sulphur. Molybdenum, titanium 
and aluminum serve to harden the alloy. In addition, me- 
chanical working and heat treatments are employed to give a 
fine-grained material. 

Unfortunately, as the deformation and creep resistance are 
increased by hardening, the ductility usually diminishes, 
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Fig. 5 Reduction in tensile ultimate strength with temperature 
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Fig. 6 Comparison of thermal shock effects on two different 
skin materials 


The elimination of gaseous contaminants by vacuum melting 
techniques and the employment of very pure alloy ingredients 
often produce a marked improvement in ductility, however, 
and the increased ductility can be traded off for an increase 
in strength by adding more hardening agents. 

The present state of the art for a number of different types 
of alloy is shown in Fig. 5. In this figure, the ultimate tensile 
strength, expressed in per cent of room temperature strength, 
is plotted as a function of temperature. Ultimate tensile 
strength is essentially the same as very short-time creep 
strength. With some exceptions, the figure confirms the ex- 
pectation that alloy creep strengths will increase as the melt- 
ing point of the base increases. 

As might be expected, molybdenum alloys have the best 
high temperature properties of all the materials shown. 
Tungsten alloys might do even better. However, both 
tungsten and molybdenum are very susceptible to oxida- 
tion, and in the presence of oxygen, they must be protected. 
Coatings for this purpose have been and are continuing to 


be investigated. 


Strength of Nonmetals 


The loss of strength at high temperature, characteristic of 
alloys, and the difficulties associated with attempts to use 
the more refractory metals have encouraged attention to non- 
metals, among which are the ceramics. Ceramics have 
very desirable strength and oxidation resistance at high 
temperatures, but are generally too brittle for use as struc- 
tural parts in aircraft or missiles. 

Among the materials being developed for high temper- 
ature applications are cermets. Cermets are combinations of 
metals and ceramics which are prepared by powder metallurgy 
techniques. In contrast to such materials as SAP aluminum, 
which is mainly metal, cermets are mainly ceramic—carbides, 
oxides, nitrides, borides, etc.—with just enough metal to 
serve as bonding material and provide a little ductility. 
Although they have very attractive strength properties, the 
ductility of most cermets is so low as to cause difficulties from 
the point of view of practical application. 

Intermetallic compounds have also received attention. 
Molybdenum disilicide, for example, has excellent high tem- 
perature strength and corrosion resistance, but inadequate 
low temperature ductility. The same may be said for the 
element silicon, which has the added advantage of very low 
density. Graphite has excellent high temperature mechanical 
properties but may require protection against oxygen. 

Brittle materials as a class are susceptible to damage due 
to thermal shock. As was pointed out earlier, when heat is 
fed rapidly into the exterior surface of a material, temper- 

ature gradients, and therefore stress gradients, are set up. 
| these are sufficiently large and the material is brittle, 

fracture will occur. Manson (10) has emphasized the fact 
that the relative resistance of various materials to thermal 
shock depends upon the testing conditions, which should, 
therefore, approximate service conditions as closely as pos- 
_ sible. To illustrate this point, let us consider two outer 
skins constructed of brittle materials A and B, which differ 
in diffusivity and in the temperature variations which they 
can tolerate without fracture. Fig. 6 illustrates the tem- 
perature distributions which might occur under two dif- 
ferent flight conditions. In condition (a), flying at high speed, 
high altitude, the heat transfer rate is small enough that 
the high diffusivity material A develops only small differences 
of temperature, which it can tolerate, whereas the low dif- 
fusivity material B develops large temperature differences 
and fractures. At a somewhat smaller speed, the maximum 
temperature difference that could be attained is below that 
which material B can tolerate, but above that which material 

A can tolerate. Under these circumstances, at sufficiently 

high heat transfer rate, such as might occur at low altitudes, 

the temperature differences produced in material A could ex- 
ceed the tolerable limits. Thus only material B would be 
satisfactory for flight condition (a) and only A for flight con- 

dition (b). 

The reason why any material should be brittle is not ade- 
quately understood at present, however, and this gives rise 
to the possibility that we may some day have ductile re- 
fractory ceramics. Parker and his associates at the Uni- 
versity of California are conducting studies on the effect of 
environment on the ductility of brittle materials which should 
do much to illuminate this problem (9). 


Stiffness 


The aerodynamicist would like to have a rigid structure 
and is never quite satisfied with anything short of that ideal. 
The reason is that the deflections that inevitably result from 
the elasticity of the airframe at best produce some adverse 
effects on this performance and at worst lead to complete 
destruction of the vehicle. 

Young’s modulus is a measure of the stiffness of structural 
material per unit volume. The stiffness per unit weight of 
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structural material, or Young’s modulus divided by density, 
is a measure of the structural efficiency of tension members 
when stiffness at low weight is the governing consideration. 
It turns out that most materials of structural interest have 
practically the same value for this ratio (see Table 1). How- 
ever, for compression members, stiffness is reduced when 
buckling occurs, and the requirement of no buckling places a 
premium on low density materials. These considerations 
have been quantitatively explored in considerable detail by 
Shanley (8) and have been extended to elevated temperature 
conditions by Heimer! (11). 

A notable exception to the rule that Young’s modulus is 
proportional to density is provided by beryllium which has 
about six times as high a ratio of Young’s modulus to density 
as magnesium, aluminum, titanium or iron. It is as light 


as magnesium but has twice the ultimate strength, six times , cirwes 
the stiffness, and much better high temperature properties. — 
A study of its merits as an aircraft structural material has 7 


been made by Hoffman (12) and they are indeed impressive. 
The principal disadvantages are cost, inherent scarcity, tox- 
icity and limited ductility. 

Adequate stiffness in aircraft and missile structures con- 
stitutes a problem in high speed flight quite aside from any 
question of aerodynamic heating. The problem is accentu- 
ated, however, when the temperature rises. Values of 
Young’s modulus may be reduced to less than half their room 
temperature values near the upper end of the useful tem- 
perature range of typical alloys. 


Other Considerations 


The high temperatures and their attendant difficulties can 
be ameliorated in considerable degree by taking suitable meas- 
ures to achieve this end. For example, it is possible to coat 
the external surfaces with an insulating material which will 
impede the flow of heat into the skin and thus protect the 
structure during a short burst of high speed flight. Some- 
what analogous results may be achieved by using an espe- 
cially thick skin of high conductivity and large thermal 
capacity so as to provide a heat sink. 

Another approach is to cool the skin. This can be ac- 
complished in any of several ways. One is to circulate a 
cooling fluid along the inner surface. Another is to use the 
heat to boil water or some other liquid for cooling purposes. 
A third is to make the skin of a porous material through 
which a cooling fluid is continually pumped. An approach 
of a somewhat different character is to accept the idea that 
part of the structure may melt but design it in such a manner 
that the vehicle still accomplishes its mission. 


Conclusion 


From the preceding, it is apparent that high speed flight 


presents a major structural challenge. It is necessary to 
consider for airframe use materials that were once of concern 
only to engine manufacturers, and even they are not good 
enough. The theory of elasticity, such a valuable aid in low 
speed flight, loses its validity in high speed flight due to the 
effects of high temperature on the material, but there is as 
yet no satisfactory substitute. Instead of a stress-strain re- 
lation, a stress-strain-time-temperature relation is required. 
When a satisfactory relation of this type is found, it may be 
too complicated to apply. In spite of all these difficulties, air- 
craft and missile designers can be counted on to make the 
best use of the fragmentary information that is available, 
blend their skills with those of structural engineers, aero- 
dynamicists, metallurgists, and others, and to forge ahead on 
the difficult road toward ever increasing flight speed. 
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Our understanding of hypersonic flow over blunt-nosed 
bodies has progressed considerably during the last two 
years. Hayes showed that the lateral flow over a nearly 
flat-faced body is governed by a choking mechanism at the 
shoulder, and recent experiments at the Guggenheim 
Aeronautical Laboratory, California Institute of Tech- 
nology, at M~j = 5.8 confirm the qualitative aspects of 
Hayes’ analysis. These experiments, covering a wide range 
of blunt-nose shapes, also show that the bow shock shape 
is determined mainly by the body geometry in the sonic 
region, while the surface pressures are influenced both by 
the sonic region and by the local body shape. Some of the 
“forward integration’? procedures that have been de- 
veloped for the flow in the nose region could possibly be 
modified to include these essential features. At hypersonic 
velocity the transverse flow field produced by a blunt- 
nosed slender body in a fixed plane normal to the flight 
direction is analogous to the flow generated by an expand- 
ing blast wave. The “‘strong”’ blast wave analogy has been 
applied to two problems that exhibit flow similarity: 1. 
Unyawed hemisphere-cylinder (or blunt-nosed “‘slab’’); 
2. ‘Power’ bodies of the form ry5 ~ x”. Here flow simi- 
larity is possible only when m’ < m < 1, where m’ = '/, 
for bodies of revolution, and m’ = 3 for two-dimensional 
bodies. Experimental results on such bodies obtained in 
air at M.. = 7.7 and in helium at M,, = 18.4 show good 
agreement with the theoretically predicted shock shapes 
and surface pressures. Now that some features of the in- 
viscid pressure field generated by a blunt nose are becom- 
ing clearer, the history of the boundary layer can be 
properly incorporated into the treatment of hypersonic 
viscous interactions downstream of the nose-dominated 
region. A brief discussion of the “‘power’’ body and the 
hemisphere cylinder shows that two important problems 
require careful attention: 1. Emergence of the boundary 
layer from the “‘blanket”’ of low Mach number gas gener- 
ated by the strong portion of the bow shock; 2. Effects 
of transverse curvature on the viscous layer in the presence 
of axial pressure gradients that may be partially self- 
induced. At “‘low’’ Reynolds numbers the distinction be- 
tween shock layer and viscous layer in the nose region will 
probably have to be abandoned. But it appears that slip- 
flow effects are postponed to much lower Reynolds numbers 
than had been supposed at one time, largely because 
viscous interactions raise the local pressure level. This 
area of low Reynolds number hypersonic flow is a fruitful 
one for future research. 


Nomenclature 
a = sound speed 
cr = local skin-friction coefficient 
Cp = drag coefficient, D/!/2p.U rd?/4) 
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ny 
= pressure coefficient (p — also 
specific heat at constant pressure 
Ce = specific heat at constant volume 
d = nose diameter, or thickness of blunt leading edge 
D = diameter of blunt-body cross section; also drag 
Dy = binary diffusion coefficient 
E = energy in transverse flow field 
g(m, y) = influence function, C,/(drp/dr)? 
= static enthalpy 4 
hs = stagnation enthalpy a 
I(B) = displacement thickness integral (Section IV) nyt 
k = density ratio across bow shock, p../p2; also thermal 
conductivity; also geometric index 
L = body length 
Le = Lewis number, pCpDi2/k - 
m = exponent in ry ~ x2” 
M = Mach number, u/a 
p = static pressure 
Po’ = stagnation pressure behind a normal shock » | 
Pr = Prandtl number, Cpyu/k 
q = flow velocity 
r = distance from body axis or chord line 
R(x) = distance of point on shock wave from body axis or 
chord line 
Ro = nose radius of curvature — 
Reg = base radius 


R = gas constant 
Re = Reynolds number 
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s = distance along body surface measured from forward 
stagnation point 

transformed coordinate along body surface in 
boundary layer theory (Section IV) 

t = time 


om 
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z = absolute gas temperature 
u = velocity component parallel to body axis; also 
velocity component in s-direction in shock layer 
i: = flight velocity 
v = lateral velocity component 
x = distance along body axis on chord line measured from 
forward stagnation point 
y = distance normal to body axis; also distance normal 
to body surface in shock layer 
a = angle of pitch or yaw; also angle between streamline 
in shock layer and local body slope 
2s dM, 
= pressure gradient parameter, — 
B p g } ds 
7 = ratio of specific heats, Cp/C»; 7 is an “effective’’ + 
6 = thickness of shock layer; also boundary layer thick- 
ness 
61, de = thickness of shock layer on body axis and at sonic 
point, respectively 
5* = boundary layer displacement thickness, 
u 
dy 
0 Pe Ue 
= boundary layer momentum 


avg, = u 1 _u dy 
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= angle between normal to shock or body surface and 


” = 
flight direction; also reduced normal distance in 
boundary layer theory 

t) = ray angle measured from forward stagnation point; 
also flow inclination 

Os = shock angle with respect to flight direction 
= 

Osn = body surface inclination angle at shoulder © = 

= absolute viscosity 

v = kinematic viscosity, u/p 

p = gas density 

: = thickness ratio, rpmax/L; also average time between 


two successive collisions of a molecule 
¢ = ray angle in plane transverse to body axis 
= viscous interaction parameter on power-body 


Xm 

Bese 
w = 
Subscripts 
b = body surface 
e = quantity evaluated at outer edge of boundary layer 
inv = inviscid flow quantity 
0 = stagnation conditions 
s = shock conditions on same radius 
w = gas properties evaluated at surface temperature 
2 = conditions on a given streamline just behind the bow 

shock 

Superscript 
* = conditions at M = 1 ’ 


wo years ago I had the opportunity of reviewing the 

state of our knowledge of hypersonic flow, with special 
emphasis on some of the areas in which hypersonies differs 
significantly from the more familiar supersonic flow (1).° 
During the last two years, considerable progress has been 
made in three main areas: Blunt-body aerodynamics and 
heat transfer; aerodynamics of blunt-nosed slender bodies, 
including viscous interactions; real gas effects. This is an 
opportunity to assess at least some of the advances in these 
fields, and especially to review the changes in perspective that 
have taken place. We shall also try to single out certain 
directions that look promising for the future, as distinguished 
from the “fashionable”’ problems that are rapidly approaching 
solution. 

So far as real gas effects are concerned, intensive studies 
have been carried out of the radiation from the hot gases in 
the shock layer around a blunt body (2), and also of the eleec- 
trical conductivity of air at high temperatures (3). Lower 
limits have been found for chemical dissociation rates across 
shock waves and for recombination rates in rapidly-cooled 
flows (4-6). Vibrational relaxation times have been deter- 
mined for oxygen, nitrogen, carbon dioxide and carbon 
monoxide at elevated temperatures (7, 8). Some of this work 
has been reported in the open literature, but most of it has 
yet to appear. For this reason the present discussion is con- 
cerned primarily with heat transfer,‘ inviscid-flow aerody- 
namics and viscous interactions on blunt-nosed bodies. 

The problem of laminar heat transfer over blunt bodies at 
hypersonic flight speeds turned out to be far simpler than 
anyone had supposed a few years ago. Theoretical and ex- 
perimental studies (9-13) have shown that the surface heat 
transfer rate depends mainly on the difference between the 
total enthalpy of the gas and the surface enthalpy, and only 
weakly on the mode of heat transfer. In fact, the difference 
between two extreme cases of purely conductive heat trans- 


’ Numbers in parentheses indicate References at end of paper. 
‘Since Jackson R. Stalder examines the heat transfer problem 
in some detail on page 1178 only a few general remarks on this 

topic need be made here. 
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fer at the surface (thermodynamic equilibrium), and heat 
transfer largely by atom diffusion (‘“‘very slow” chemical re- 
action rates) amounts to about 30 per cent. This result is 
connected with the fact that the Lewis number, pC,D,2/k for 
an atom-molecule mixture of oxygen or nitrogen is not far 
from unity. An additional simplification can be made when 
the surface temperature is much lower than the gas tempera- 
ture just outside the boundary layer, or when p,-/p,>>1. In 
that case the dense layer of gas near the surface is practically 
unaffected by a falling pressure gradient along the surface, 
and the concept of “local similarity’”’ is particularly useful 
(10). More generally, so long as the variation in surface tem- 
perature (or enthalpy) is small compared with the enthalpy 
difference hse — hw, “local similarity” furnishes a practical 
method for the rapid calculation of the surface heat transfer 
rate distribution over a blunt body in terms of the surface 
pressure and temperature distribution. 

The presence of a dense gas layer near the surface when 
Pw. Pe > 1 also leads to a considerable simplification in engi- 
neering computations of turbulent heat transfer rate. For 
example, the mass defect in the boundary layer is very small 
and H = 6*/6** — 0 in this case. Several investigators have 
utilized this ‘dense layer’? approximation, and their results 
should soon be appearing in the open literature. 

To summarize: the laminar or turbulent convective heat 
transfer problem for nonmelting, impermeable blunt bodies 
at hypersonic flight speeds seems to be well in hand, at least 
up to earth-satellite velocities. However, our understanding 
of the detailed chemical processes and the transport proper- 
ties within the boundary layer is still very meager, and this 
area is a fruitful one for future research. Our lack of under- 
standing of laminar-turbulent transition is apparently in- 
variant with respect to flow regime. 

In contrast to the heat transfer problem the analysis of the 
inviscid flow in the nose region of a blunt body at hypersonic 
speeds has turned out to be a more subtle question than was 
at first supposed. The present discussion makes no attempt 
to catalog all of the considerable efforts in this area by a large 
fraction of the practising aerodynamicists in this country and 
in England. In spite of their apparent differences, most of 
these analyses are based on the idea that the compressibility 
of the gas, and especially the existence of a sonic line in this 
region, are of secondary importance. This approach has cer- 
tainly revealed some interesting qualitative features of the 
flow field. But the flow behind the shock wave is essentially 
transonic, after all, and this fact is brought home forcibly by 
W. Hayes’ study (14) of the flow around a flat-faced body of 
revolution, and by the recent experiments at GALCIT that 
show the important influence of the shape of the body in the 
sonic region. The discussion in Section II attempts to clarify 
the differences between nearly flat and nearly spherical nose 
shapes in the light of this work. 

At hypersonic speeds even slender bodies must be blunt- 
nosed to some extent in order to reduce the heat transfer 
rates to manageable proportions and to allow for internal heat 
conduction. The strong entropy gradients introduced into 
the flow by the bow shock wave are carried downstream, and 
the arguments previously employed to justify the local hyper- 
sonic approximations for sharp-nosed slender bodies are no 
longer valid. Section III deals with recent applications and 
extensions of the blast wave analogy to some of the simpler 
problems in this area, with special reference to the search for 
flow “similarity.” 

The work on inviscid flow over blunt-nosed slender bodies 
has helped to clarify some of the aspects of boundary layer— 
external flow interactions at hypersonic speeds. When the 
Reynolds number based on nose radius is “sufficiently high” 
the inviscid pressure field associated with the blunt nose or 
blunt leading edge is dominant over the forward portion of 
the body, and this field determines the initial history of the 
boundary layer. However, “sufficiently far’ downstream of 
the nose the inviscid over-pressure is small and viscous inter- 
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action phenomena have to be taken into account. When the 
nose-radius Reynolds number is low (Rea 102) the problem is 
more involved, especially on a slender blunt-nosed body of 
revolution, SectionIV. However, it appears that slip-flow ef- 
fects are postponed to much lower Reynolds numbers than had 
been supposed at one time, largely because viscous interactions 
raise the local pressure level. This area of low Reynolds num- 
ber hypersonic flow is a fruitful one for future research. 


II Flow in Nose Region of Blunt Body at Hyper- 
sonic Velocity® 


Nearly Spherical Nose 


At hypersonic speeds the shock layer on a nearly spherical 
nose is very thin, and one is strongly tempted to assume that 
the shock is nearly parallel to the body surface everywhere. 
Although this approximation yields much useful information, 
it also leads to certain difficulties which illustrate the essential 
physical differences between the actual case of large, but not 
infinite, density ratio across the shock, and the limiting case 
k = p../p2 = 0. In order to bring out some of the approxima- 
tions that have been employed, suppose we consider the mass 
balance and geometric relations for a stream tube in the flow 
field around aspherical nose. By conservation of mass (Fig. 1)® 


pq cos ady = 2mrp.U adre............. {1] 


where the subscript 2 refers to conditions on the same stream- 
line just behind the shock, and a@ is the angle between the 
streamline and the local body slope. By integrating Equa- 
tion [1] across the shock layer one obtains 


dis 


4 
r = rm[1 + O(k)] and cos a = 1 + O(k) a 


5 The author is greatly indebted to Drs. W. Chester and W. D. 
Hayes for stimulating discussions of this problem. 

6 Of course the length scale normal to the body surface must be 
expanded by the reciprocal of the density ratio across the shock if 
we are to “‘see’’ the flow at all. 
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4 


= (q2/Ua)? 


According to Equation 


and 

+ (2h2/U [1 — [47 

At the shock (Fig. 1) 
= sin and 2h2/U = 1 — (q2/Ua)? 

so that 

(q/U = sin? nz + (2k q2)(Ap/p2)(1 + O(Ap/p2)]... . [5] 


When these relations for ¢/U.., 7, a, and p/p: are substituted 
into Equation [2], we have an integral equation for the shock 
shape. 

The crudest approximation states not only that the gas acts 


- like an incompressible fluid, but also that & is so small that 


q/U. = sin np, ie., the velocity is constant 


In that case, Equation [2 De | 
n that case, Equation [2] becomes aad o 


6 rb - 
[ = = k/r f drs = 
0 0 


Also (Fig. 1) by integrating Equation [1] from the body sur- 
face to a point on the same radius, one obtains be 


In other words the bow shock is concentric to the body and 
the velocity profile across the shock layer is lincar. By the 
nature of the approximations introduced, one does not expect 
this simple result to apply unless Ap/p.<1. It is remarkable 
that none of the more elaborate calculations have shown much 
departure from this linear velocity distribution. 

Since the radius of curvature of the streamlines is approxi- 
mately the same as the body radius in this approximation, the 
radial pressure drop across the shock layer is given by 


pq? 
| Ap| 


u/us = y/6 


sin? 9.(poU war )2 dy/é 
0 


where @ is the ray angle measured from the forward stagnation 
point (Fig.1). Therefore, the surface pressure distribution is 


which is the Busemann (15), or Ivey, Klunker, Bowen (16), 
result for this shape. Identical results were obtained by 
Lighthill (16A) who starts with the assumption that the gas 
density in the shock layer is constant and the bow shock is 
concentric to the body near the stagnation point. The vor- 
ticity behind the shock is then completely determined as a 
function of the stream function y, and the problem is reduced 
to the solution of the classical differential equation V?y = 
b?y = 6?K, where V? is the Laplacian operator. 


— 0 when 6 — 60° 


{ This singularity in the surface pressure when k — 0 persists in 


7 Several investigators have shown that isentropic changes of 
state for air in thermodynamic equilibrium at high temperature 
can be replaced by an effective 7 over a three-to-fourfold change 
in pressure. 


p/p: = (p/p2)/7 = 1 — (Ap/p2) + k — ). 
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several of the more sophisticated approaches to the problem, 
and we shall return to this important point later. 

A somewhat more accurate calculation is provided by Hayes 
(14). The change in flow velocity along a streamline is taken 
into account in first approximation, i.e., terms of order 
k( Ap/pe)? and higher in Equation [5] are dropped. To be 
consistent p/p, 21. The change in velocity along a stream- 
line is 0(k) everywhere except on the body surface where it is 
0(/k). Since the correction term in Equation [5] is small in 
most of the flow, it need not be known precisely, and Hayes 
takes the pressure as a constant across the shock layer solely 
for the purpose of evaluating this correction. In t hat ¢ ase 


(q/U..)? sin? no + 2k(sin? n, — sin? y2)..... [8] 


By substituting this relation into Equation [2], Hayes ob- 
tains the following results 


k 
6/Ro = 1+ 


u/u, = V2k + (1 — V2k)(y/6) 


This calculation shows quite clearly that the flow field is 
sensitive to the value of k, and that certain features are non- 
analytic in k for k ~ 0. By computing the radial pressure 
drop with this velocity distribution, one obtains a surface 
pressure slightly different from the Busemann result. The 
surface pressure becomes zero on the body somewhat up- 
stream of 6 = 60 deg. 

Freeman’s (17) approach to this problem is to expand all 
physical quantities in a power series in e & k. In his first 
approximation 7, = 6 and R = R,, so the pressure just be- 
hind the shock is known. Also, p/ps and p/p are 0(1) behind 
the shock, and the correction term in Equation [5] is dropped, 
i.e., the velocity is constant along streamlines. The radial 
pressure variation is evaluated from the relation 


6 1 vs 
(Ap) =p. — p= [ = f 


and the resulting density p/p: = p/ ps is then substituted into 
Equation [2] to obtain the velocity distribution and the new 
shock shape. Freeman’s velocity distribution across the shock 
layer is very nearly linear, and the surface pressure distribu- 
tion is identical with Equation [7] in first approximation. 

The chief difficulty here is the “singularity” at @ = 60 deg, 
where p — 0. In fact, Freeman’s results indicate that an 
analytic expansion procedure in k cannot be carried out with- 
out some serious modifications. It appears that these results 
are satisfactory only for 6 < 30 — 35 deg, where Ap/ps is 
small. One curious feature of this flow field is the shape of the 
sonic line. In the limit k > 0 


and 


u/uo = sin and a*/un 2 VWk........ [9] 


so that M = 1 when (sin @)y/6 = Vz. In other words the 
sonic point on the shock occurs at 0, = ~/p, and the sonic 
line heads toward the body surface almost along the ray 6 = 
Ina small region A(y/6) of order the sonic line 
bends sharply almost 90 deg and proceeds downstream along 
the body surface. A layer of subsonic flow adheres to the 
body surface, and the singularity at 8 = 60 deg is felt all along 
the body up to the forward stagnation point. In Chester’s 
(19) analysis of the parabolic body p ~ 0 only when s > © 
in first approximation, and the pressure distribution over the 
front portion of the body where Ap/p, is not too large may be 
more reliable. In the second approximation, however, the 
point of zero pressure appears on the surface at a finite dis- 
tance from the forward stagnation point. 


It is worth noting here that in Hayes’ second paper (18) @ = 
Vk is identified as a “critical point’’ for the flow. 
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Fig. 2. Surface pressure, diagonal meridian planes, a = 8 deg, 
M. = 5.8, @ = 45, 225 deg and @ = 135, 315 deg 


Another strange feature is the extreme sensitivity of the 
local Mach number to the value of k. The local speed of sound 
is equal to a* to order k, and by Equation [9] the local Mach 
number is 


Vk 


In other words, outside of the small region near the stagnation 
streamline and the body surface we have 


M ~1/V/k>1 when k<1 


and the flow is hypersonic. However, W. Hayes pointed out 
to the present author that in spite’of this curious property, 
signals are communicated almost instantaneously across the 
shock layer, because the Mach angle ~+/, while the shock 
layer thickness ~k. In fact this argument can be taken as a 
physical ‘“‘explanation”’ of the forward integration process that 
results from the approximation of Hayes (14, 18), Freeman 
(17), Maslen and Moeckel (20), and others. 

The zero pressure at 6 = 60 deg on the sphere at hypersonic 
speeds has no physical reality,® and it is interesting to specu- 
late about the actual physical situation in the case k = 0. 
However, when k is nearly zero, the character of the flow field 
changes very rapidly at first with increasing k and then 
“settles down,” so that this question may not have much 
bearing on the actual situation for practically all real gases. 
So far as the surface pressure distribution is concerned, the 
success of the modified Newtonian approximation Cp = Cymax 
cos? m, has a sound physical basis. As the gas flows around 
the body surface, the density drops, and for k ¥ 0 the shock 
must diverge more and more from the body. This divergence 
is responsible for an increase in pressure just behind the 
shock, as compared to the case of a concentric shock. At the 
same time the radii of curvature of the streamlines increase 
with distance normal to the body surface, and the reduced 
radial pressure drop across the shock layer is almost counter- 
balanced by the effect of shock divergence. It is remarkable 
that the modified Newtonian approximation represents the 
surface pressure distribution on a yawed as well as an un- 
yawed body with a spherical nose, not only in the plane of 
pitch, but in all diagonal planes as well. For example, Fig. 2 
compares this approximation with the pressure distributions 
measured by O’Bryant and Machell (21) on a spherically- 
blunt 20 deg cone in two diagonal planes at a = 8 deg and 
M.. = 5.8. Corresponding values in the two planes are 
averaged in Fig. 2. The agreement between experiment and 
the modified Newtonian approximation is excellent over the 
spherical portion of the body. 

The physical character of the flow when k ~ 0, and the 
form of Equations [2,6], have led to many suggested itera- 


® This point is a controversial one at the present time. 
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tion procedures for a nearly spherical nose. These schemes 
usually start with a shock surface that diverges from the 
body, and also utilize the modified Newtonian approximation 
as a first estimate for the surface pressure distribution. 
Maslen and Moeckel (20) employ a Karman-Pohlhausen pro- 
cedure for the flow in the shock layer, in which the ratio 


_ u/u, is approximated by a cubic of the form Se 
3 
n=0 


_ where go is a Howarth-Dorodnitzyn type of variable contain- 
ing the normal distance and the gas density. The four a’s 
and the unknown 6 (s) are determined with the aid of the 
following five conditions: 1. Integrated momentum equa- 
tion across the shock layer; 2. Mass balance similar to 
Equation [2]; 3. « = u, when o = 1 or 

iS - im 4. wu, = w(s) determined by the surface pressure, as in Equa- 
tion [4]; 5. Condition on (O0u/dy), in terms of shock curva- 
ture. Maslen and Moeckel work out a practical case for a 
2 hemispherical nose at a flight velocity of 25,000 fps and an al- 
titude of 100, 000 In this case 0.073. The calculated 


Fig. 3 Schlieren photographs of flow over a blunt-nosed body of revolution at /. 


© andr/D = 0.208 


velocity profiles are very nearly linear across the shock layer, 
and the shock layer thickness at 6 = 45 deg is about 1.6 times 
larger than it is on the body axis. This factor is surprisingly 
close to the ratio of the stagnation density to p*. The sur- 
face pressure distribution deviates from the modified New- 
tonian by 6 per cent at most 6 = 60 deg. 

These investigators call attention to the fact that this 
forward integration procedure is valid only so long as terms 
of order k*/2 are dropped. This conclusion can also be drawn 
from our earlier observation on the nature of the Mach 
lines in the shock layer for k ~ 0. Clearly none of these 
methods can be expected to account for the transonic 
character of the flow field. In this connection it is worth 
noting that in the simpler method of Li and Geiger (22), in 
which the velocity is represented by PGEEREA hs. 


= 


(d) Ro/D = 


terms of order k*/? involving derivatives of g(y) must be 
dropped in order to determine f(y) uniquely. Otherwise a 
downstream boundary condition is required. 

A number of “stream tube’’ iteration methods have also 
been developed for this problem (20, 23). Maslen and 
Moeckel (20) show that results obtained by such a method 
are quite comparable to those given by the momentum inte- 


gral technique. However, it is not clear how the influence of 
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the shape of the body in the sonic region is taken into account 
in these methods. 

An ingenious and promising method for computing the 
flow in the shock layer has been developed recently by Paul 
Garabedian (24, 25) of Stanford University. Dr. Garabedian 
starts with the problem of determining the body shape for an 
analytically prescribed shock shape. But this problem as 
formulated is unstable in the elliptic or subsonic domain. To 
surmount this difficulty Garabedian introduces a third com- 
plex coordinate normal to the meridian plane, and converts 
the basic differential equation from elliptic to hyperbolic type 
in the new coordinates. When the information along the bow 
shock in the meridian plane is continued analytically along a 
suitable surface in the new space, the original unstable 
Cauchy problem is converted to a stable hyperbolic problem. 
The flow in the meridian plane is determined by computing 
machine methods utilizing real characteristics. These 
methods are being developed by Drs. Garabedian and Mel 


Lieberstein of The Ramo-Wooldridge Corporation. _ 


Like many others the author has found it much easier to — 
criticize existing analyses of this problem than to offer con- 
structive alternatives. The chief problem at the present time 
is to refine or improve existing methods so that the sonic line, 
and the last Mach wave from the body surface that strikes 
this line, are computed accurately enough to start a con- 
ventional characteristic calculation in the purely supersonic 
domain. 


Nearly-Flat Nose 


When the nose of a blunt body is nearly flat it is no longer 
possible to ignore the strong influence of the shoulder on the 
subsonic field, even in a rough, first approximation. How- 
ever, for the flat-faced body with a sharp shoulder (Ry)/D— ~, 
Fig. 3a) one may hope that the flow in the stagnation region, 
where the vorticity is small, resembles an irrotational, incom- 
pressible flow with a certain “effective” free-stream velocity. 
The concept of an equivalent incompressible flow is by no 
means a new one; it was adopted by Heybey (26), for ex- 
ample, for the case of a sphere. Heybey attempted to 
eliminate the question of the effective free-stream velocity by 
matching the flow deflection angle and the rate of change of 
flow deflection angle given by the potential flow solution near 
the body axis with the values given by the shock relations. 
The agreement between the calculated and observed shock 
detachment distance is good. But Probstein (27) points out 
that this approach involves a knowledge of third derivatives 
of the flow velocity, so that an iterative scheme based upon this 
first approximation converges too slowly to be practical. 

To replace Heybey’s approach, Probstein (27) introduces 
the plausible assumption that the effective free-stream ve- 
locity for a body with a very large nose radius of curvature 
is identical with the value of Ueerr required to make the 
velocity gradient at the stagnation point of a sphere in incom- 
pressible potential flow equal to the value given by the 
modified Newtonian approximation. According to this ap- 
proximation 


so that 


~ Vi 
for small k, which is qualitatively correct (Section II, Nearly 
Spherical Nose). The shock detachment distance along the 
body axis is given by the continuity relation p.~.o = pwr. 
Since Uen/U. ~ Vk, 6/D ~ Vk for k < 1, which is also 


qualitatively correct. 
| 
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and the surface pressure distribution near the forward stagna- 
tion point is given by 


16 | 
C, = 1 Or? c/a] 


where a = D/2 is the radius of the body cross section. 

Although Probstein’s analysis furnishes reasonable esti- 
mates of the detachment distance and the stagnation-point- 
velocity gradient required in heat transfer calculations, it is 
not intended to deal with the basic mechanism of hypersonic 
flow around nearly flat-faced bodies. Our main ideas of this 
mechanism were developed by Hayes (14, 18)! who pointed out 
that the lateral flow over such a body surface is governed by 
some sort of choking process at the shoulder. By utilizing the 
same approximations he employed for the case of the spherical 
nose, Hayes reduces Equation [2], (Section II, Nearly Spheri- 


cal Nose), to 


re Ys rb 
0 0 no? + — 


where 72(72) is now an unknown function. Because of the 
difficulty of solving this integral equation completely, Hayes 
obtains two approximate solutions. In the first approxima- 
tion"! the change in the velocity along streamlines is neglected, 
so that this estimate of the detachment distance should be 
somewhat too large. Then Equation [10] becomes 


Ts 
nan = = 
0 0 


By differentating this equation twice, Hayes obtains a first 
order differential equation for 7,(72) whose solution is 


r= 2052) —3/4 


The equation has a singularity at 7, = +/k, and this point is 
taken to correspond to choking conditions at some location 
therefore 


C= 33/4f1/ 4p, * 
The shock-layer thickness at the body axis is given by 
= 2.28+/k 


while at the “throat” 6 = 6. = 2\/kr,*. Also the radius of 
curvature of the shock at the body axis is found to be equal to 
6,/k, exactly as in the corresponding approximation for the 
spherical nose. 

Hayes draws a rough but fascinating analogy between this 
phenomenon and the flow of an inviscid liquid with a free 
surface under the influence of gravity. If the equivalent 
pressure head ps gh of the hypersonic shock layer is set equal 
to the rate of momentum transferred to this layer per unit 
area, then 


pogh = 


The critical velocity Vgh for free-surface flow is equal to 
Vk U.., which is exactly the value of the lateral veloc ity 
component in the shock layer at the critical angle 7, = Vk. 
Thus the flow upstream of the critical point corresponds to a 
subcritical free-surface flow, while downstream of this point 
the flow is supercritical. This analysis contains many of the 
qualitative features of high Mach number flow around 
nearly flat-faced bodies. 


Experimental Study of Effect of Nose Shape at M,, = 5.8 


The widespread theoretical and technical interest in blunt- 


10 See also Maslen and Moeckel (20), and Serbin (28) for late 
alternative presentations of these ideas. 
11 The second approximation, which will not be discussed here, 
yields values of 5 that are much too small. 
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Fig. 6 Comparison of surface pressure distributions on several 
blunt-nosed bodies, M = 5.8 


body aerodynamics has stimulated a considerable number of 
experimental studies of the effect of nose shape on the flow in 
the nose region. At GALCIT, D. G. Fraasa’? and E. M. 
Wisenbaker,!? have taken schlieren photographs of the bow 
shock waves for a series of nine round-nosed models, all hav- 
ing the same cylindrical afterbody, with the nose radius of 
curvature covering the range from flat-faced to hemispherical. 
The nominal Mach number was 5.8 and the yaw angles were 0, 
4 and 8 deg. Two concave, or “dished’”’ models were also 
tested under the same conditions. Surface pressure distribu- 
tions were measured on the flat-faced model and also on the 
model with R)/D = 1.30. For the unyawed bodies three 
main flow regimes can be distinguished: 


1. Nearly-Flat Nose [67° < 0sy < 90°] 


In this regime the shock wave shape near the nose is prac- 
tically independent of the nose radius of curvature (Figs. 3a, 4). 
This statement applies also to the concave models. The nor- 
mal to the bow shock at the sonic point just behind the shock 
strikes the sharp corner on the body, where the flow velocity 
is also sonic. A simple one-dimensional mass balance calcula- 
tion gives the “throat height’’ 6, (Fig. 4), to within 10 per cent 
of the measured value on the photographs. In this regime, 62 
is the important separation distance, and 6; is determined as 
a by-product. Hayes (14) “upper-estimate” for 62 gives 62/D 
= V/p../p2 or 6./D = 0.435 in this case, which is much larger 
than the measured value of 0.186. On the other hand his 
‘Jess reliable” minimum value of 6:/D is 0.108 for this case, 
which is too small. Of course, k is by no means smail in 
these experiments (k = 0.19). Probstein’s (27) estimate of 
6,/D for this case is 0.21, as compared with a measured value 
of 6,/D = 0.269. 

According to Fig. 4, this sonic choking regime extends from 
R)/D > @~ to Ro/D = 1.30, or from 60,4 = 90 deg to 0,, = 
67 deg, where 6,, is the surface inclination with respect to the 
body axis just upstream of the sharp shoulder. When 0,4 — 
67 deg the body surface and shock wave are very nearly con- 
centric, (Fig. 3b)!%. In Fig. 6 the measured surface pressures 
for Rp/D = @ and Ro/D = 1.30 are compared with the pres- 
sure distribution over a hemispherical nose obtained pre- 
viously by R. E. Oliver (29). In order to bring out the effect 
of nose shape more clearly, the distance along the body surface 
measured from the forward stagnation point s is normalized 
with respect to the distance to the sonic point on the body s*. 
Even in this regime the shape of the body has an important 
effect on the surface pressures for s/s* > 0.5, and also on the 
velocity gradient at the forward stagnation point. 


2. Transitional Regime [45° < 67°) 


In this regime, the sonic point on the shock moves toward 
the body axis as the nose radius is reduced, while the sonic 
point on the body remains fixed at the shoulder. The shock 
shape diverges more and more from the body shape (Fig. 3c). 


3. Nearly Spherical Nose [0 < 0,4 < 45°) 


In this regime, the sonic point on the body moves away 
from the shoulder toward the body axis as the nose radius is 
reduced, and the shock detachment distance at the stagnation 
point 6; decreases almost linearly with decreasing nose ra- 
dius (Fig. 4). 

Schlieren photographs of the bow-shock shape were also 
obtained for three models with flat-noses and rounded 
shoulders. For these models r/D = 0.083, 0.125 and 0.208, 
where r is the radius of the semicircular shoulder. A compari- 


12 Lieutenant, U. 8. Navy, under the sponsorship of the U. S. 
Naval Postgraduate School and the Bureau of Aeronautics, De- 
partment of the Navy. 

13 For M. = 5.8 the bow shock inclination to the body axis at 
the sonic point is 66 deg 25 min, and the shock layer is effectively 
— by a parallel-walled channel at the shoulder when 63H = 
67 deg. 
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Fig. 7 Comparison of surface pressure distributions showing 


7 effect of rounded shoulder, /.. = 5.8 Pas 


son between Fig. 3a and 3d, for example, shows that the shape 
of the body in the sonic region has a strong effect on the shock 
shape. The shock standoff distance 6, decreases linearly with 
increase in radius of the shoulder, Fig. 5. To put it another 
way, 6, decreases almost linearly with decrease in the dis- 
tance s* from the stagnation point to the sonic point on the 
body. This behavior agrees qualitatively with the analyses 
of Probstein (27) and Hayes (14, 18). According to Fig. 7, 
the rounded shoulder, which begins at s/s* = 0.70, influences 
the surface pressures upstream to about s/s* = 0.4. Of 
course, on the shoulder itself the surface pressures differ 
markedly from the. case of the sharp-shoulder r/D — 0. 

To summarize: The bow shock shape is apparently deter- 
mined mainly by the shape of the body in the sonic region, 
while the surface pressures and velocity gradients are in- 
fluenced not only by the sonic region but also by the local 
body shape. Clearly most of the forward integration proce- 
dures so far suggested are totally inadequate for this problem. 
These methods might conceivably be improved by judiciously 
selecting an “effective” body shape for the calculations. 
Limitations of space and time do not permit us to discuss the 
interesting results obtained by Fraase and Wisenbaker for the 
yawed bodies.!4 This work emphasizes the need for a theoreti- 
cal study of the flow field around yawed blunt bodies. 


III Inviscid Hypersonic Flow Over Blunt-Nosed 
Slender Bodies 


When the nose radius is finite the drag of the nose per unit 
cross-sectional area is much larger than the drag/area of an 
afterbody with a uniformly small slope in the meridian plane, 
and the entire inviscid flow field is dominated by the blunt 
nose or leading edge over a downstream distance many times 
greater than the characteristic nose dimension. For example, 
the drag of a conical or wedge-like afterbody of half-angle 0 


14 Presented as theses for degree of Aeronautical Engineer, 
California Institute of Technology, June 1957. This study will 
appear later in report form. 
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(a) 


Hemisphere-cylinder 


(b) ‘‘Power’’-body 


Fig. 8 Blast wave analogy for hypersonic flow over blunt-nosed 


slender bodies 
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where d is the nose diameter, and k = 0 for planar flow, k = 1 
for axially-symmetric flow. This relation also expresses a 
fact certainly well-known to designers of hypersonic vehicles, 
namely that a small blunting has a much more serious effect 
on the total drag of a wing than it does on the drag of a slender 
body of revolution. 

Downstream of the nose the shock wave is relatively far 
from the body surface, so that the pressure distribution on the 
afterbody is determined largely by the decay of the bow 
shock, and bears little or no relation to the local slope of the 
afterbody in the ‘‘nose-dominated”’ region. This behavior is 
best illustrated by the extreme case of an unyawed hemi- 
sphere-cylinder or flat-plate with a blunt leading edge. Ac- 
cording to the tangent-cone or Newtonian approximations the 
pressure is equal to its ambient value over the afterbody, while 
the shock-expansion method predicts that the static pressure 
is constant and equal to its value at the hemisphere-cylinder 
junction, which is much higher than ambient at hypersonic 
speeds. Actually, as we shall see presently (Fig. 10) the static 
pressure decreases slowly along the afterbody from its value 
at the junction. Ferri and Pallone (30) studied this same 
hypersonic phenomenon for the wedge-plate combination 
with an attached shock by the method of characteristics for 
inviscid, rotational flow. 

Provided we are not too close to the nose of the body, so 
that the shock angle 6, is not too large, the axial velocity with 
respect to coordinates fixed in space is very small. From the 
point of view of an observer in a fixed transverse plane the 
flow in this plane is analogous to the flow generated by an ex- 
panding blast wave. For example, the transverse flow field 
produced by an unyawed hemisphere-cylinder resembles the 
flow generated by the explosion of a very long, highly-con- 
centrated cylindrical charge at time t = 0 (Fig. 8). In fact 
this analogy is a special case of Hayes’ hypersonic similitude 
(31). Heret—2x/U., and the energy per unit length of charge 
is identified with the nose drag. The total energy E per unit 
axial length associated with the transverse flow field is defined 
by the relation 


R 
ony f p (c.r dr 


where k = 0 for planar flows and k = 1 for axially symmetric 
flows. For the hemisphere cylinder, E is a constant equal to 
~*d? Coy. 

For strong spherical blast waves, G. I. Taylor (32) showed 
that the flow field in the wake of a constant-energy blast 
exhibits a certain similitude, in the sense that the pressure, 
density and outflow velocity are described by relations of the 
form 


Q(r)/Q(R) = f(r/R) 


Taylor’s analysis was later extended to the case of cylindrical 
blast waves by 8. C. Lin (33), and to the plane blast wave 
problem by A. Sakurai (34).!° Of course, these analyses in- 
clude the important effect of the nonuniform entropy behind 
the shock. Energy considerations (36) show that the shock 


wave shape in all these cases is of the form R(t) = cain(2) 


1/(3+*)42/(3+®), By analogy the bow shock shape not too close 


18 The general problem of flow similitude, including these cases, 
has also been extensively studied by Sedov (35). A copy of his 
book on the subject is not yet available to the author. 
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Fig. 9 Static pressure profile for hemisphere-cylinder 
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to the nose of an unyawed hemisphere-cylinder is given by'® 


R(x) Ki(y)Coy/ (‘) 2/(3+*) 
d 

Similarity for the flow in the transverse plane is also found 
to be possible for bodies of the form r, ~ x” (36, 38). The 
corresponding non-steady flow problems are the expanding 
cylinder, Fig. 8, and the motion of a piston in a long straight 
tube. In this case the shock wave shape is also of the form 
R ~ x”, and the energy E in the transverse plane is propor- 
tional to 

(p2/Ppo)R** (34%) -2 

When dr,/dx = 0 everywhere then dE/dr = 0 also, and it 
follows that m >?/ (3 + k), orm > 3 for axially-symmetric 
flow and m > 2 for planar flows. When m <2/(3 + k) no 


16 The particular analogy between the plane blast wave prob- 
lem and the flow over a flat plate with a blunt leading edge at zero 
angle of attack was also noticed independently by Cheng and 
Pallone (37). In this case the energy in the transverse flow field 
over one surface corresponds to one-half of the nose drag, and 
Coy is replaced by Coy /2. 
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such similar solutions can be found, and the entire flow field 
some distance from the nose must depend to some extent on 
the previous history of the flow, i.e., on the details of the nose 
geometry. The same conclusion is reached by requiring the 
pressure drag to be finite. 

Since the entropy, or the quantity p/p’, is constant along 
streamlines, the entropy is zero on the body surface for m > 1 
within the approximations of the slender-body theory, and is 
infinitely large when m < 1. But the pressure is finite, so 
that p—> 0 asr— rm when m < 1, and ~ asr—r, when 
m > 1. The domain m > 1 is ruled out not only by the re- 
quirement that the density should be finite, but also by the 
observation that the flow over concave bodies is hardly ex- 
pected to exhibit similarity. To summarize, in order for 
“similar flows” around blunt-nosed slender bodies of the type 
r, ~ a™ to exist, we require that '/2 <m S 1 for bodies of 
revolution, and 3 < m S 1 for planar bodies. A study of 
the mathematical properties of the equations of motion (38) 
shows that these conditions are not only necessary but also 
sufficient. 

The fact that p ~ 0 and T as r— shows quite 
clearly that the similarity theory represents the pressure field _ 


and shock shape much more satisfactorily than the density _ 
or temperature field. We reach this conclusion also by formu-  __ 


lating the strong shock conditions more precisely. When @, 
is not too large, the density ratio across an oblique shock is 
given by the well-known relation 


p2/ pi y—1\1+1/N 
where 
» 


when co me 


5 
and flow similarity is complete. But this requirement means 
that WM. must be extremely high. As in other hypersonic 
flow problems the pressure and shock shape ‘‘freeze”’ at much 
lower Mach numbers than the density or temperature. 

The relation for the density ratio across an oblique shock 
also suggests an expansion procedure in terms of the parame-_ 


P2/pi > 


N>1, 


ter 
prom) 
for large but finite Mach number, so that ‘ome 


2(1-m) 
Q(x, = Qo( Ro) [qo(r/Ro)] + (5 gr, Ry) 


where the first term represents the similar solution for M ..7 > 
©, The first and second approximations have been carried 
out by Kubota (39) for power bodies of revolution with y = 
1.15, 1.40 and 1.67 and m = 4, 3, 2 and 1; Kubota also 
computed the constant energy case m = } for the same 
values of y. These theoretical results were compared with 
an experimental study by Kubota (39) of the flow around 3- 
power and 3-power bodies and a hemisphere cylinder at M., 
= 7.7 in the GALCIT air tunnel, and also with a study by 
Munson (40) of the flow around a 3-power body in the 
GALCIT helium tunnel at MV. = 18.4. As shown in Fig. 9, 
the predicted static pressure profile between the shock wave 
and the surface of the hemisphere-cylinder agrees very 
closely with the experimental data, in spite of the fact that 
the afterbody diameter is by no means negligible. The slow 
decay of the surface pressure over the cylindrical afterbody is 
also reproduced fairly closely (Fig. 10) except near the nose- 
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| 
a2 Q3 
- Fig. 11 Surface pressure parameter 
ita 


cylinder junction. Here we have taken the origin of coor- 
dinates at the nose of the body. Dr. W. Chester” has sug- 
gested that the effective origin is really not specified in this 
asymptotic theory, and if this origin is taken a distance of 
about one body-radius upstream of the nose the theoretical 
pressures join quite smoothly with the pressure distribution 
over the nose. 

The results of the numerical calculations for the surface 
pressure on the power bodies are shown in Fig. 11, in the form 
of the influence factor C,/(dr,/dx)? vs. (y — 1)/(y + 1). 
Values of this parameter for y = 1 are taken from J. D. Cole’s 
slender-body Newtonian theory (41), in which the physical 
quantities are expanded in powers of (y — 1)/(y + 1) and — 
the scale of distance between shock and body is stretched by | 
the reciprocal of this factor. In this theory the quantity — 
(y — 1)/(y + 1) M?.7? must be of order unity or larger. 
Cole’s first approximation for the surface pressure is identical | 
with Busemann’s (15, 16) expression for slender bodies 


Cy = 2(dro/dx)? + [2/(1 + ] 
for the power bodies. As shown in Fig. 11, Cole’s result isa 
very good approximation when m is close to unity even for — 
7 ~ 1, but the approximation becomes less satisfactory asm—> _ 
3. The approximation to the shock shape (not shown) is 
excellent (39, 40). When y is not close to unity the inclina-— 
tion of the shock with respect to the body surface is responsible - 
for an increase in surface pressure over the Newtonian value | 
that almost counterbalances the “relieving” effect of the 
centrifugal force. (See, for example, Appendix of Reference 


1.) 


The tangent-cone approximation replaces the value of 


so that 


C,/(dro/dx)? = 2| 1 ———- 
p/(dry/dz) m(1 + k) 


C,/(dr/dx)? = g(m, Y) 


by its value for m = 1, and for m < 1 it overestimates the 
pressure by an appreciable amount (Fig. 11). However, the | 
variation of g(m, ) with m is quite slow, and this fact sug- 
gests that for bodies slightly different from 7, ~ x” the surface 


17 Bristol University. Visiting Research Fellow, California — 


Institute of Technology, 1956-1957. 
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pressure distribution should be given fairly accurately by the 
relation 


where g(m, y) is evaluated at some average value of m and 
dr,/dzx is the actual body slope. This approximation is used to 
estimate the effect of the boundary layer displacement thick- 
ness on the surface pressure distribution. See Section IV. 

In Fig. 12 the surface pressure distributions measured by 
Kubota (39) on a 3-power body at M2 = 7.7 are compared 
with the similarity theory and Cole’s Newtonian flow theory 
(41). Evidently the thicker body lies outside the range of the 
slender-body theory.'"* The agreement between theory and 
experiment is quite good for the thinner body, after a simple 
correction for boundary layer growth is applied. 

Munson’s (40) experimental results for the pressure dis- 
tribution on a 3-power body (r = 0.313). in helium at M. 
= 18.4 are compared with the similarity theory in Fig. 13. 
Again the boundary layer correction (Section IV) accounts 
for most of the difference between theory and experiment. 

These results suggest that it would be worthwhile to try to 
extend this work in several different ways: 1. Study of the 
proper procedure for joining the solutions away from the 
nose with the flow in the nose region; 2. Effect of the finite 


8 Although it is probably fortuitous the modified Newtonian 
approximation C, = Cpmax sin? ® agrees quite well with the meas- 
ured pressures over the thicker body. 


diameter of the cylindrical afterbody; 3. Character of the 
flow for small angles of yaw. 
IV Viscous Effects in Hypersonic Flow 
Present Status of the Problem 


At the time of the previous review (1) of hypersonic viscous 
flow problems, experiments on flat plates with blunt leading 
edges by Bertram (42) in air and by Hammitt and Bogdonoff 
(43) in helium had already demonstrated that the leading 
edge has a strong influence on the boundary layer flow at 
hypersonic speeds. Additional studies by Hammitt, Vas, and 
Bogdonoff (44), on flat-plates, and by Bertram (45) on bodies of 
revolution have confirmed these earlier observations. Initial 
theoretical investigations of this phenomenon by Ferri and 
Libby (46) and by Lees (47) dealt mainly with the qualitative 
effects on the boundary layer of the vorticity and temperature 
rise generated by the nose shock, but ignored the changes pro- 
duced in the inviscid flow field by the blunting. By applying 
the blast-wave analogy to the inviscid flow field produced by a 
blunted plate (Section III), Cheng and Pallone (37) and Lees 
(36) were able to show independently that the bow-shock 
shape measured in the Princeton helium experiments should 
take the form R = 1.44d'/3x?/3 as compared to the empirical 
fit to the data given by R = 1.36 d%*4 x 9-6, Surface pres- 
sures are also predicted very well by the theoretical expres- 
sion p/p. = 0.40 M..2/(x/d)*/*, except for the values very 
near the blunt leading edge. A careful examination of this 
data, and also of Bertram’s (45) later measurements on blunt- 
tipped cones and a flat-nosed cylinder shows that the surface 
pressures near the nose are strongly influenced by the flow phe- 
nomena connected with the sudden expansion and recom- 
pression around the sharp shoulder. See also (48). 

Hypersonic viscous interaction theories based on the tacit 
assumption that the nose or leading edge of the body is in- 
finitely sharp have always been open to criticism that the his- 
tory of the flow is not properly taken into account. Now that 
some features of the inviscid pressure field generated by a 
blunt nose are becoming clearer (Section III) the initial his- 
tory of the boundary layer can be incorporated into the 
treatment of hypersonic viscous interactions downstream of 
the nose-dominated region. So long as Reg > 10* (approxi- 
mately) this interaction between the boundary layer and the 
external flow field is weak in the nose region itself. However, 
when Rez — 10? the problem is much more involved. Thus, 
the study of hypersonic viscous interaction effects raises one 
of the fundamental questions of fluid mechanics; namely, 
what are the lower limits of the high Reynolds number 
theory? We are mainly interested in the case of low free- 
stream density and/or small characteristic dimensions at high 
free-stream velocity, rather than in the classical ‘creeping 
motion” of Stokes and Oseen. Therefore, any discussion of 
this problem for hypersonic speeds must also face the ques- 
tion: When and to what extent, does the fact that the gas is 
composed of molecules have to be taken into account? In 
attempting to answer this question, one must be especially 
careful that low Reynolds number effects are properly ac- 
counted for. This aspect of the problem has often been ig- 
nored. 

One possible initial approach to the problem is to treat the 
development of the viscous layer around a blunt-nosed body 
and its interaction with the external flow within the frame- 
work of the usual boundary layer theory, and then permit the 
Reynolds number to decrease, while the free stream Mach 
number is held fixed. In this manner one hopes to establish 
the parameters which measure the strength of the viscous in- 
teraction effects, to isolate the problems that remain to be 
solved, and perhaps to arrive at some estimates of the lower 
Reynolds number limits for the high Reynolds number theory. 
This approach is employed in the following paragraph, for 
the family of power bodies of the type r, ~ x”, and for the 
hemisphere-cylinder. 
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Fig. 13 Effect of boundary layer growth on pressure distribution 
over 3-power body 


Hypersonic Viscous Interactions on Blunt-Nosed Slender 
Bodies at Moderate-to-High Reynolds Numbers 
**Power’”’ Bodies (r, ~ x” 
The order of magnitude of the boundary layer displacement 
thickness is given by the relation 
5* ~ VAL /pu 


where @ and p are some average 
density across the boundary layer. 


values of viscosity and 
But ~ 


and 
= M 
= ~au. 
in this case, so that 7 
M. Mo. 
Repo 


This rough estimate must be supported by a brief calculation." 
According to the local similarity approximation (10) the 
displacement thickness is given by 


5* (23)'/2 u 
Petter 0 p Ue 


where 
AY 
Vis. 
and 


In our case u, and p/p. = y./2M.°C, = y./2M.2. 


where 


16* 
6 = dr./dr + = 
dz i 


and the quantity = 


g(m, = | 


is the value of the “influence coefficient” 
value of m and an effective y (Fig. 11). 
mation 


at some average 
Now in first approxi- 


= = mr(x/L)"— and m=m 


19 The effects on the boundary layer of vorticity in the external 
flow and entropy gradients along the outer edge of the boundary 
layer are ignored. Other approximations are as follows: (1) 
“Jocal similarity’’ (2) Pr = 1, pu = pete, Le = 1; (3) pe/p = 
h/he and hs = hw f (he — hw)tt/ue across the boundary layer. 
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Therefore 


6*/L = Ai(y, m)- ( 


Re Te 1B) | —= “nm 
et Mae V Re, 


Here” 


cx 
-g- {2m(1 + k) 


A,(y, m) = 2/m 


and the integral 


is given by the relation 
= (h,,/h.)A* + 


where 


A*(B) = ) dn 


B = (23/M.)(dM./d8) 


The quantity 


When M, > 1, we have 


for the power bodies, in first approximation. 


Two interesting limiting cases are: 1. The heat-insulated 
body in . conventional hypersonic wind tunnel; 2. Free-flight, 


is a pressure gradient parameter. 


y pds 4m 1 


with h,,/h. = 0(1). In the first case, h,, = h., and 7 a 
M 
d6*/dx = — 2—m 
where 


1, = (A* + m( ) A, 


In free-flight, on the other hand, 
M 
d6*/dx = A; | — (a/L)'/2-™ 
al 


where 
2 ) lye )Ay 


By taking C, = g(m, y)[(dr,/dx) + (d6*/dx) |? one obtains 
a first-order correction to the surface pressure distribution. 
This method was employed by Kubota (39) and by Munson 
(40) for relatively weak interactions with satisfactory results 
(Figs. 12, 13). A suitable viscous interaction parameter is 
derived by considering the ratio of d6*/dz to dr,/dx, i.e. 


15*/d M 
= (As/m) ( ) 
T*./Re, 


~ (dro/dz) 
2, 3 for the two limiting cases. Also 


where = 


3 —m 


20 The quantity @ is some average value of we. 
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For the particular case of the 3-power body m and 6* both 
grow like x*/4, and the transverse flow field exhibits complete 
similarity, as pointed out by Yasuhara (49). Stewartson (50) 
had previously treated the corresponding two-dimensional 
case. For m = 3, B is constant over the body. In general 
it is clear that the quantity 


is a measure of the viscous effects on the pressure field, and 
is also a measure of the importance of transverse curvature 
effects on a slender body of revolution. 
The ratio of the two coefficients A; and A, for the two limit- 


ing cases of free flight and a heat insulated body is give en ap- 
proximately by 


A3/A2 = (Va/¥e) 
Y 


© (A* (A* + H) 

According to Table I of Reference (51) the ratio @/ A* + His 
about 0.28 for the relatively small values of 8 on the power 
bodies. Also, y, ~ 1.2 — 1.3. Therefore 


A;/Az = i> 3 


and viscous interaction effects observed on these bodies in a 
conventional hypersonic tunnel at a particular value of 

—_ 
T?V/ Rez * 
are actually equivalent to free-flight conditions at 4y,, — 
6x,,- For example in Kubota’s (39) experiment on a 3- 
power body of revolution, y. = 1.40, M. = 7.7, Rez = 5.5 
X 10°, 7 = 0.235, @./w. 1.0 and g(m, vy) = 1.80 = 
%. Therefore, x,, = 0.19 and B = 0.07, C,/Cyinv & 1.15 
and 6*/r, = 0.07. Viscous effects of this same magnitude 
would be experienced by a #-power body of 10 per cent 
thickness ratio about 20 ft long at a flight speed of 20,000 fps 
and an altitude of 150,000 ft (x,, = 1). Atan altitude of 250,- 
000 ft on the other hand, the value of x,, for this same body is 
about 10 and B = 0.7, 6*/r, = 0.7, and C,,/C,inv = 3. Clearly 
transverse curvature effects are no longer small, and indeed 
the whole concept of distinct viscous and inviscid flow regions 
must be re-examined in this case. 


Hemisphere-Cylinder 


As illustrated in Fig. 10 the inviscid pressure distribution 
over the forward portion of the hemisphere-cylinder is ac- 
curately described by the modified Newtonian approximation 
when 0 S 6S 55°, and by the Prandtl-Meyer local expansion 
in the region 35°. < 6 S 90°, where @ is the ray angle measured 
from the forward s stagnation point. Over the cylinder after- 
body the blast-wave theory (Section III) gives the result 


0.405 0.1330 1 
YoM Yo (8/Ro) 


p/po’ = 


By utilizing this pressure distribution and the “local simi- 
larity” method the development of the boundary layer dis- 
placement thickness over this body in first approximation is 


obtained as follows 
0 <6 55° it AP 
0.491(B) 


where 


26 sin 


(1 du 
= 0.251 ——_ a6 


1(B8) is the same integral defined in Section IV, “Power” 
Bodies (r, ~ x™), and D(@) is the same function that ap- 
pears in the heat transfer calculation (10).*! 

55° s 0 = 90° 


| 


(A/A*) 


where A/A* is the one-danensional isentropic area ratio cor- 
responding to the local pressure p/po’. A Se 


Cy lindrical Afterbody 


V/ 


where 
16 Jo(s/R,) 
J1(s/Ro) 1 + é aw) D(2/2) 
a0 
and 


Ro\ 
Jo(s/Ro) = 0.005 (s/Ro — 1.57) + 0.095 log. (2 ) 
_ For simplicity we take B = 1 in this region. 
— result of the calculation for a heat insulated body at M. 
= 7.7 under wind tunnel conditions is shown in Fig.14. The 


‘itis of (6*/Ro)V Rep, at the forward stagnation point is 
0.53; the displacement thickness is ten times larger at the 
shoulder (@ = 90 deg), and about 100 times thicker at a location 
about seven diameters downstream of the shoulder. Beyond 
s/d = 10 the curve of Fig. 14 is shown dashed for three good 
reasons, each of which suggests certain problems for future 
research: 

(a) In the neighborhood of s/d = 10 the inviscid surface 
pressure distribution no longer follows the blast-wave theory, 
but approaches ambient pressure in a different manner (Fig. 
10). This disappearance of the falling inviscid pressure gradi- 
ent means that the displacement thickness increases consider- 
ably. In fact, the value of the displacement thickness integral 
1(B) increases by a factor of about 1.8 in this case when B 
drops from 1.0 to zero. Thus the history of the boundary 
layer for s/d 2 10 depends on the details of the pressure dis- 
tribution in this region. 

(b) When 6*/Ryo ~ 4, the boundary layer begins to 
emerge from the blanket of hot, relatively low Mach number 
gas generated by the strong portion of the bow shock, and 
viscous interaction effects become much more important. This 
phenomenon occurs when s/d > 5 X 10~* Reg, roughly, for 
the heat insulated hemisphere-cylinder at M., = 7.7. If the 
bow shock shape is known (Section III) this problem can 
probably be treated within the framework of the usual bound- 
ary layer theory, at least for Rea > 10°. 

(c) When 6*/Ry > 43, approximately, the transverse 
curvature of the viscous layer begins to influence the boundary 
layer characteristics, and this effect can be quite large. By 
utilizing a floating element on flexural spring supports, R. L. 
Richmond succeeded in measuring the local skin-friction on a 
}-in. diam rod mounted axially in the GALCIT hypersonic 
tunnel at M., = 5.8.22 In Fig. 15 the ratio of c; to the ap- 


21 In the expression for 5* we have already made use of the fact 


that the ratio V veo/vo is approximated by the value 0.69 with a 
a error of +5 per cent over the entire range2 S Mao S 


* This work was supervised by Dr. Donald Coles. 
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Fig. 14 Growth of boundary layer displacement thickness over 
heat-insulated hemisphere-cylinder, M@.. = 7.7 


propriate flat-plate value is plotted against 6**/d. The value 
of 6* was also obtained from the measured velocity profiles. 
For example, for laminar flow with 6*/d = 0.7, cy/cy tat plate 
= 3.32; while for 6*/d = 0.82, cy/cytiat piate = 4.76. Clearly 
these large transverse curvature effects must be incorporated 
into the boundary layer theory. 

In the two-dimensional case (blunt-nosed ‘“‘slab’’) the 
phenomena (a) and (b) occur somewhat farther downstream 
of the nose, because of the persistence of the inviscid pressure 
field. 

In free-flight at a Mach number of about 20 the displace- 
ment thickness parameter (6*/Ro)V/ Rep, is about one order 
of magnitude less near the forward stagnation point than the 
values shown in Fig. 14. On the cylindrical afterbody 6*/Ro 
V Rep, is about the same magnitude as these values within 
the bow shock “blanket.”” The emergence of the boundary 
layer from this blanket increases in importance as the free 
stream Mach number increases. 


Some Aspects of Low Reynolds Number Flow and Molecu- 
lar Effects at Hypersonic Speeds 


When Reg — 10? most of the approximations of the high 
Reynolds number theory employed in Section IV, Hemi- 
sphere-Cylinder, are no longer valid. Nevertheless, a qualita- 
tive description of the gross features of the flow field can still 
be given. For example, the viscous layer on a hemispherical 
nose produces an effective blunting of the body, and the nose 
drag is increased over its inviscid value. Roughly this increase 
in nose drag is proportional to (d*/d)?, where d* is the effective 
diameter given by d*/d = 1 + (a,)/(~Reg,), as pointed out 
by Kane (52). The skin friction drag on the nose is no longer 
negligibly small compared to the pressure drag, and must be 


V Rep, V Rep, 
where 


This rough estimate states that the drag coefficient on a blunt 
nose should increase precipitously as the Reynolds number 
Re, is decreased at a fixed supersonic Mach number. The 
sphere drag data obtained by Kane (52), by Sherman and 
Kane (53), and by Jensen (54) of the Low Pressures Research 
Group at the University of California, Berkeley, in the range 
2.15 M.. S 3.3 shows at least a twofold increase in Cp over 
its high Reynolds number value at Rep is decreased from 1100 
to 15. Of course, this drag coefficient cannot continue to 
increase indefinitely as the gas density is decreased at a fixed 


a2/ Rep, = Cy/Coiav 
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Fig. 15 Ratio of skin friction on a cylinder to that on a flat plate 
at M = 5.8 


free stream Mach number. But the measured drag coeffi- 
cients are still below the values of about 5.0 calculated by 
Heineman (55) for a sphere in free molecule flow with diffuse 
reflection in this Mach number range. 

In order to construct a proper theory for low Reynolds 
number supersonic or hypersonic flows at least some of the 
following problems must be solved: 

1. Interaction Between Shock Layer and Boundary Layer 

The ratio of the vorticity in the external flow to the vor- 
ticity in the viscous layer is of the order of (1/k)~/ Rea, where 
k is the reciprocal of the density ratio across the normal shock. 
At high flight speeds the effect of this external vorticity on the 
viscous layer can no longer be neglected when Reg < 10%. 
Ting-Yi Li (56) studied this problem for a flat plate in a shear 
flow, and Hayes (57) has suggested a modification in the outer 
boundary condition in the boundary layer theory. It may be 
desirable here to abandon the distinction between shock 
layer and viscous layer altogether, and treat the whole region 
between the bow shock wave and the body by momentum in- 
tegral methods similar to those employed by Maslen and 
Moeckel (20) for the inviscid flow over a blunt nose. 

The Reynolds number based on the shock thickness itself is 
of the order of 1-10 at hypersonic speeds, depending on the 
relaxation effects, so that the thickness of the shock is no 
longer small compared to its radius of curvature when 10 S 
Rea S 100. Very little work has been done on this interesting 
problem. 


2. Transverse Curvature Effects 


Downstream of the nose region 6*/r, is of order unity or 
greater when Reg < 10%, or when x,, >> 1 (Section IV, Hy- 
personic Viscous Interactions, etc.). So long as dé*/ds is 
small, the conventional boundary layer theory is still applica- 
ble, according to the studies of Probstein and Elliott (58), 
and R. Mark (59). When the pressure gradient is neglected 
these investigators show that similarity is possible for slender 
paraboloids of revolution, for all values of 6*/r,; in fact 6*/r. 
is constant over the whole body. In hypersonic flow with 
M..r > 1 Yasuhara (49) showed that the ?-power body has 
this similarity property, including the complete pressure field, 
but ignoring transverse curvature effects. It seems that 
Yasuhara’s work could be extended to include these trans- 
verse curvature effects. Once these similar solutions are ob- 
tained it should be possible to treat other slender bodies of 
revolution by applying the concept of local similarity. When 
5*/r, >> 1 the flow field resembles the viscous layer on a long 
cylindrical rod, and this problem has received the attention of 
K. Stewartson (60), G. K. Batchelor (61), P. A. Lagerstrom 
and J. D. Cole (62), and M. B. Glauert and M. J. Lighthill 
(63), for the case of an incompressible fluid. R. Mark treated 
the corresponding compressible flow problem by means of a 
Karmd4n-Pohlhausen technique. 
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_ No discussion of low Reynolds number flow at hypersonic 
speeds would be complete without some mention of molecular 
effects. The chief difficulties are encountered in the inter- 
mediate region between conventional gas dynamics (including 
the no-slip condition) and the region of very low gas density, 
where the transit time of the molecules past a body (L/U..) is 
short compared to the average time between two successive 
collisions of a molecule in the gas (7). The ratio (L/U..)/ris 


proportional to 
\wNT. 


where the subscript ‘‘0” refers to standard conditions of tem- 
perature and pressure. Most estimates of the upper bound- 
aries of this intermediate zone in the density scale have as- 
sumed that the boundary layer thickness 6, for example, is 


inversely proportional to Vp../po, so that the ratio of the 
average time required for a molecule to cross the boundary 
layer, 6/a to the collision time 7, is given by 


(6/a)/t ~ Vpo/po 


But on slender bodies at supersonic and especially hypersonic 
speeds, the increase in the rate of growth of the boundary 
thickness at low density generates an increase in local pressure 
of order 


Ap/Po ~ 1/V po/po 


and the gas density near the surface in the boundary layer 
experiences a similar increment Ap/p.. if the surface tempera- 
ture is held fixed. Therefore, the collision time increases much 
less rapidly than the reciprocal of the free stream density. 


In fact, for strong viscous interactions p/p. ~™ (1, 
and (p../po) ~/4, so that 


~ 


In other words, the ratio of these two characteristic times de- 
creases much more slowly with decreasing free stream density 
than is usually supposed, and the onset of molecular effects is 
postponed by at least two orders of magnitude in Reynolds 
number. This same conclusion can be drawn from the experi- 
mental work of Schaaf and Sherman (64) on flat-plates. 

For blunt bodies it is important to evaluate the ratio 
6/ar at the local conditions. This point is emphasized by 
Laufer and McClellan (65) in their experiments on heat 
transfer from fine cylindrical wires in supersonic flow. They 
find that their data correlates very well when plotted against 
the Reynolds number Re, evaluated just behind the normal 
shock, in the range 3 < Re, < 200, and 1.3< M, < 4.5. 
Suppose the expected Maxwell slip-velocity at the surface of 
a blunt body near the forward stagnation point is evaluated 
by employing local values of physical parameters. Then the 
slip velocity wu, is given by 


where f is the reflection coefficient. If f = 1, then by applying 
the formulation of the boundary layer problem for hypersonic 
speeds (10), one obtains the following result near the forward 
stagnation point (@ < 60 deg)” 


0.87 
Us/Ue = —— (dw/d du, 

VY us. dO + 


23 This approach is similar to that employed by T. C. Lin and 
S. A. Schaaf (66) for subsonic flow over a sphere. 
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where k = 0 for a two-dimensional body and k = 1 for an 
axially-symmetric body. For a heat insulated body 


0.25 Vk + 
V Rep, 


Note that the free stream Mach number does not appear ex- 
plicitly here. In free-flight at hypersonic speeds with 7, = 


3T.. 
0.5(Pe/pPo)Vk +1 _ 1 


Me V Rep, 


Thus in the experiments of Laufer and McClellan (65) 


= 


where 0.50 < K, < 1.0, while in the idles experiments on 


spheres (52-54) 


where 0.7 < K. < 1.4. Most of the recent work in rarefied 
gas dynamics suggests that slip-velocity ratios up to 10-20 per 
cent reduce the skin friction by about the same amount but 
do not signify any radical changes in the flow. Therefore, we 
would not expect molecular effects to have a very serious in- 
fluence on the flow over a heat insulated blunt nose at super- 
sonic speeds unless Rep, < 25 — 50. In free flight these 
effects might be postponed to even lower Reynolds numbers. 

The main conclusion to be drawn from this brief discussion 
is that a proper low Reynolds number theory could be ex- 
tended to values of the Reynolds number Rez, of the order of 
25-50. On the other hand free molecule flow, plus a first 
order correction, probably applies up to values of this Reynolds 
number of the order of one at hypersonic speeds. Thus the 
intermediate region may be quite small. But these considera- 
tions also emphasize the importance of careful studies of the 
processes of momentum and energy exchange at a solid surface 
in low density high velocity flow. In fact the title of such a 
research program might very well be “Slip-Flow—Myth or 
Reality?” 

This area of fluid mechanics appears to be a fruitful field 
for future research, not only because of the many interesting 
scientific questions involved, but also because of their connec- 
tion with the technical problems of high altitude, hypersonic 
glide-vehicles and satellites entering the Earth’s atmosphere 
or the atmospheres of other planets. 


Us/Ue = 


u,/Ue = 


References 


“Hypersonic Flow,’’ Proceedings of the Fifth 


1 Lees, L., 
1955, pp. 241-276. Also 


International Conference, June 20-24, 
TAS Preprint 554. 

2 Keck, J., Kivel, B., and Wentink, T., “Emissivity of High 
Temperature Air’’ (AVCO Research Laboratory, Everett, Mass. ); 
Paper presented at the 1957 Heat Transfer and Fluid Mechanics 
Institute, June 19-21, 1957, California Institute cf Technology, 
Pasadena, Calif. 

3 Lamb, L., and Lin, 8S. C., “Electrical Conductivity of 
Thermally Ionized Air Produced in a Shock Tube’’ (AVCO); 
Bulletin of the American Physical Society, Series II, vol. 2, April 
25, 1957, p. 216. (Abstract.) 

4 Camm, J., and Keck, J., ‘“Radiative Relaxation Behind a 
Shock Wave’’ (AVCO); Bulletin of the American Physical So- 
ciely, Series II, vol. 2, April 25, 1957, pp. 216-217. (Abstract). 

5 Feldman, S., ““The Chemical Kinetics of Air at High Tem- 
peratures: A Problem in Hypersonic Aerodynamics’’ (AVCO); 
Paper presented at 1957 Heat Transfer and Fluid Mechanics In- 
stitute, June 19-21, 1957, California Institute of Technology, 
Pasadena, Calif. 

6 Logan, J., “Relaxation Phenomena in Hypersonic Aero- 
dynamics”; Paper presented at 25th Annual Meeting, Institute 


PROPULSION 


7 
; 
x 
a 
I 
I 
I 
p 
~ 
N 
N 
of 
B 
vi 
B 
Al 
St 
| tr: 
ve 
22 
= 
‘ 
Re 
Sp 
me 
| 


of the Aeronautical Sciences, Jan. 28-31, 1957, IAS Preprint 728. 

7 Blackman, V. H., “Vibrational Relaxation in Oxygen and 
Nitrogen’’; Journal of Fluid Mechanics, vol. 1, Part 1, May 1956, 
pp. 61-85. 

8 Greenspan, W. D., and Blackman, V. H., ‘‘Approach to 
Thermal Equilibrium Behind Strong Shock Waves in CO» and 
CO”’; Bulletin of the American Physical Society, Series II, vol. 2, 
April 25, 1957, p. 217 (Abstract). 

9 Bromberg, R., “‘A Note on the Effects of Gas Dissociation 
on Boundary Layer Heat Transfer’; Readers’ Forum, Journal 
of the Aeronautical Sciences, vol. 23, Oct. 1956, pp. 976-977. 

10 Lees, L., “Laminar Heat Transfer Over Blunt-Nosed 
Bodies at Hypersonic Flight Speeds’’; JET Proputsion, vol. 26, 
April 1956, pp. 259-269. 

11 Fay, J. A., and Riddell, F. R., “Stagnation Point Heat 
Transfer in Dissociated Air’’; AVCO Research Laboratory, Re- 
search Note 18, June 1956. 

12 Rose, P. H., and Stark, W. I., “Stagnation Point Heat 
Transfer Measurements in Air at High Temperature’; AVCO 
Research Laboratory Report, 1956. 

13. Rose, P. H., and Riddell, F. R., “An Investigation of 
Stagnation Point Heat Transfer in Dissociated Air’’ (AVCO); 
Paper presented at 1957 Heat Transfer and Fluid Mechanics In- 
stitute, June 19-21, 1957, California Institute of Technology, 
Pasadena, Calif. 

14 Hayes, W. D., “Some Aspects of Hypersonic Flow’’; 
The Ramo-Wooldridge Corporation, Los Angeles, Calif., Jan. 4, 
1955. 

15 Busemann, A., “Flussigkeits-und-Gasbewegung’’; Hand- 
worterbuch der Naturwissenschaften, pp. 275-277, Zweite Auflage 
(Gustav Fischer, Jena), 1933. 

16 Ivey, H. R., Klunker, E. G., and Bowen, E. N., “A Method 
for Determining the Aerodynamic Characteristics of Two- and 
Three-Dimensional Shapes at Hypersonic Speeds’’?; NACA TN 
1613, 1948. 

16A  Lighthill, M. J., “Dynamics of a Dissociating Gas,’ 
Part I. Equilibrium Flow. Journal of Fluid Mechanics, vol. 2, 
Part 1, Jan., 1957, pp. 1-32. 

17 Freeman, N. C., “On The Theory of Hypersonic Flow 
Past Plane and Axially Symmetric Bluff Bodies’’; Journal of 
Fluid Mechanics, vol. 1, part 4, Oct. 1956, pp. 366-387. 

18 Hayes, W. D., ‘Hypersonic Flow Fields at Small Density 
Ratios’; The Ramo-Wooldridge Corporation, May 12, 1955. 

19 Chester, W., “Supersonic Flow Past a Bluff Body with a 
Detached Shock; Part I. Two-Dimensional Body’’; Journal of 
Fluid Mechanics, vol. 1, part 4, Oct. 1956, pp. 353-365. “Part 
II. Axisymmetrical Bedy’’; Journal of Fluid Mechanics, vol. 1, 
part 5, Nov. 1956, pp. 490-496. 

20 Maslen, S. H., and Moeckel, W. E., ‘‘Inviscid Hypersonic 
Flow Past Blunt Bodies’; Journal of the Aeronautical Sciences, 
vol. 24, no. 9, Sept. 1957, pp. 683-693. 

21 O’Bryant, W. T., and Machell, R. M., “An Experimental 
Investigation of the Flow over Blunt-Nosed Cones at a Mach 
Number of 5.8’’; GALCIT Hypersonic Research Project, 
Memorandum 32, June 15, 1956. Also, Readers’ Forum, Journa] 
of the Aeronautical Sciences, vol. 23, Nov. 1956, pp. 1054-1055. 

22 Li, T. Y., and Geiger, R. E., “Stagnation Point of a Blunt 
Body in Hypersonic Flow’’; Journal of the Aeronautical Sciences, 
vol. 24, Jan. 1957, pp. 25-32. 

23 Uchida, S., and Yasuhara, M., ‘“The Rotational Field 
Behind a Curved Shock Wave Calculated by the Method of Flux 
Analysis’; Journal of the Aeronautical Sciences, vol. 23, Sept. 
1956, pp. 830-845. 

24 Garabedian, P. R., “Numerical Construction of Detached 
Shock Waves’’; Applied Mathematics and Statistics Laboratory, 
Stanford University, Tech Report 55, Sept. 10, 1956 (ONR Con- 
tract Nonr-225(11)). 

25 Garabedian, P. R., “Bow Waves in Hypersonic Flow,”’ 
Applied Mathematics and Statistics Laboratory, Stanford Uni- 
versity, Tech. Report 62, April 1, 1957 (ONR Contract Nonr- 
225(11)). 

26 Heybey, W. H., “Shock Distances in Front of Symmetrical 
Bodies’; NAVORD Report No. 3594, U. S. Naval Ordnance 
Laboratory, White Oak, Md., Dec. 24, 1953. 

27 Probstein, R. F., “Inviscid Flow in the Stagnation Point 
Region of Very Blunt-Nosed Bodies at Hypersonic Flight 
Speeds’’ (Brown University), WADC TN 56-395 (ASTIA Docu- 
ment AD 97273), ARDC, USAF, Wright-Patterson AFB, Ohio. 


NOVEMBER 1957 


28 Serbin, H., ‘Hypersonic Nonviseous Flow Around a 
Circular Disk Normal] to the Stream’’; Rand Corporation Report 
RM-1713, May 1956, Santa Monica, Calif. 

29 Oliver, R. E., “An Experimental Investigation of Flow 
over Simple Blunt Bodies at a Nominal Mach Number of 5.8.” 
GALCIT Hypersonic Research Project, Memorandum 26, June 
1, 1955. Also, Readers’ Forum, Journal of the Aeronautical 
Sciences, vol. 23, Feb. 1956, pp. 177-179. 

30 Ferri, A., and Pallone, A., ‘“Note on the Flow Fields on the 
Rear Part of Blunt Bodies in Hypersonic Flow’’ (Polytechnic 
Institute of Brooklyn, Aeronautical Research Laboratory). 
WADC TN 56-294, July 1956, ARDC, USAF, Wright-Patterson 
AFB, Ohio. 

31 Hayes, W. D., “On Hypersonic Similitude,’’ Quarterly of 
Applied Mathematics, vol. 5, no. 1, April 1947, pp. 105-106. 

32 Taylor, G. I., “The Formation of a Blast Wave by a 
Very Intense Explosion. Part I. Theoretical Discussion. Part 
II. The Atomic Explosion of 1945’’; Proceedings of the Royal So- 
ciety (A), vol. 201, no. 1065, March 22, 1950, pp. 159-186. 

33 Lin, 8. C., “Cylindrical Shock Waves Produced by In- 
stantaneous Energy Release’’; Journal of Applied Physics, vol. 25, 
Jan. 1954, pp. 54-57. 

34 Sakurai, A., ‘On the Propagation and Structure of the 
Blast Wave. Part I.’’ Journal of the Physical Society of Japan, 
vol. 8, no. 5, Sept.—Oct. 1953, pp. 662-669. Part II, vol. 9, March- 
April 1954, pp. 256-266. 

35 Sedov, L. I., “Methods of Similarity and Dimensions in 
Mechanics,’’ Gosudartstv. Izdat. Tehn.—Teor. Lit., Moscow, 
USSR 1954. 

36 Lees, L., ‘‘Inviscid Hypersonic Flow over Blunt-Nosed 
Slender Bodies,’ GALCIT Hypersonic Research Project, 
Memorandum 31, Feb. 1, 1956. 

37 Cheng, H. K., and Pallone, A. J., ‘‘Inviscid Leading-Edge 
Effect in Hypersonic Flow’’; Readers’ Forum, Journal of the 
Aeronautical Sciences, vol. 23, July 1956, pp. 700-702. 

38 Lees, L., and Kubota, T., “‘Inviscid Hypersonic Flow over 
Blunt-Nosed Slender Bodies’; Journal of the Aeronautical Sci- 
ences, vol. 24, no. 3, March 1957, pp. 195-202. 

39 Kubota, T., ‘‘Inviscid Hypersonic Flow over Blunt-Nosed 
Slender Bodies’; Paper presented at 1957 Heat Transfer and 
Fluid Mechanics Institute, June 19-21, 1957, California Institute 
of Technology, Pasadena, Calif. Also, GALCIT Hypersonic Re- 
search Project, Memorandum 40, June 25, 1957. 

40 Munson, A. G., ‘“‘A Preliminary Experimental Investiga- 
tion of the Flow over Simple Bodies of Revolution at J = 18.4 
in Helium’’; GALCIT Hypersonic Research Project, Memoran- 
dum 35, Dec. 15, 1956. 

41 Cole, J. D., “Newtonian Flow Theory for Slender Bodies’’; 
Rand Corp. Report RM-1633, Feb. 13, 1956. Also, Journal of 
the Aeronautical Sciences, vol. 24, no. 6, June 1957, pp. 448-455. 

42 Bertram, M. H., “Viscous and Leading Edge Thickness 
Effects on the Pressures on the Surface of a Flat Plate in Hyper- 
sonic Flow’’; Readers’ Forum, Journal of the Aeronautical Sci- 
ences, vol. 21, June 1954, pp. 430-431. 

43 Hammitt, A. G., and Bogdonoff, 8S. M., ‘‘A Study of the 
Flow About Simple Bodies at Mach Numbers from 11 to 15’’; 
WADC TR 54-257, Oct. 1954. 

44 Hammitt, A. G., Vas, I. E., and Bogdonoff, 8. M., “‘Lead- 
ing Edge Effects on the Flow Over a Flat Plate at Hypersonic 
Speeds’’; Princeton University, Aeronautical Engineering De- 
partment Report 326, Sept. 1955. Also Hammitt, A. G., and 
Bogdonoff, S. M., ‘““Hypersonic Studies of the Leading Edge 
Effect on the Flow Over a Flat Plate,’ Jer Proputsion, vol. 26, 
April 1956, pp. 241-246. 

45 Bertram, M. H., ‘“‘Tip-Bluntness Effects on Cone Pres- 
sures at M = 6.85’’; Readers’ Forum, Journal of the Aeronautical 
Sciences, vol. 23, Sept. 1956, pp. 898-900. 

46 Ferri, A., and Libby, P. A., ““Note on an Interaction Be- 
tween the Boundary Layer and the Inviscid Flow’’; Readers’ 
Forum, Journal of the Aeronautical Sciences, vol. 21, Feb. 1954, p. 
130. 

47 Lees, L., ‘‘Influence of the Leading-Edge Shock Wave on 
the Laminar Boundary Layer at Hypersonic Speeds’’; Journal 
of the Aeronautical Sciences, vol. 23, June 1956, pp. 594-600, 
612. 

48 Bennett, F. D., “Note on Tip-Bluntness Effects in the 
Supersonic and Hypersonic Regimes’’; Readers’ Forum, Journal 
of the Aeronautical Sciences, vol. 24, April 1957, pp. 314-315. 


49 Yasuhara, M., “On the Hypersonic Viscous Flow Past 
1177 


| 
th 
7 


Slender Bodies of Revolution’’; Journal of the Physical Society of ture Effect in Compressible Axially Symmetric Laminar Bound- 


Japan, vol. 11, Aug. 1956, pp. 878-886. ary-Layer Flow’’; Journal of the Aeronautical Sciences, vol. 23, 

50 Stewartson, K., ‘On the Motion of a Flat Plate at High March 1956, pp. 208-225. 

Speed in a Viscous Compressible Fluid. Part II. Steady Mo- 59 Mark, R. M., “Laminar Boundary Layers on Slender 
tion’’; Journal of the Aeronautical Sciences, vol. 22, May 1955, Bodies of Revolution i in Axial Flow’’; GALCIT Hypersonic Re- 
pp. 303-309. search Project, Memorandum 21, July 30, 1954. 

51 Smith, A. M. O., “Rapid Laminar Boundary Layer Calcu- 60 Stewartson, K., “The Asymptotic Boundary Layer on a 
lations by Piecewise Application of Similar Solutions’; Journal Circular Cylinder in Axial Incompressible Flow’’; Quarterly of 
of the Aeronautical Sciences, vol. 23, October 1956, pp. 901-912. Applied Mathematics, vol. 13, no. 2, July 1955, pp. 113-122. 

52 Kane, E. D., “Drag Forces ess Spheres - Low Density 61 Batchelor, G. K., “The Skin Friction on Infinite Cylinders 
Supersonic Gas Flow’’; University of California, Engineering Moving Parallel to Their Length’; Quarterly Journal of Mathe- 
Projects Report HE-150-65, Feb. 15, 1950 (N7-onr-295-Task 3). matics and Applied Mechanics, vol. 7, no. 2, June 1954, pp. 179 
Also, ‘Sphere Drag Data at Supersonic Speeds and Low Reynolds 192. 

Numbers”; Journal of the Aeronautical Sciences, vol. 18, April 62 Lagerstrom, P. A., and Cole, J. D., “Examples Illustrating 
1951, pp. 259-270. a Expansion Procedures for the Navier-Stokes Equations’; Jour- 

53 Sherman, F.S., and Kane, E. D., “Supplementary Data on nal of Rational Mechanics & Analysis, vol. 4, no. 6, Nov. 1955, pp. 
Sphere Drag Tests’’; University of California, Engineering Proj- 817-882. 
Repent Ang. 63 Glauert, M. B., and Lighthill, M. J., Axisymmetric 

54 Jensen, N. A., “Supplementary Data on Sphere Drag 

Tests. Part 2’’; University of California Engineering Projects Boundary Layer on a Long Thin Cylinder’’; Proceedings of the 
: ‘ 7 Royal Society (London), vol. 230, 1955, pp. 188-203. 


Report HE-150-92, Sept. 11, 1951. 

55 Heineman, M., “Theory of Drag in Highly Rarefied 
Gases’’; Communications on Applied Mathematics, vol. 1, no. 3, é 
pp. 259-273, Sept. 1948. pp. 85-90, 144. 

56 Li, T. Y., “Effects of Free-Stream Vorticity on the Be- 65 Laufer, J.y and McClellan, i, “Measurements of Heat 
havior of the Viscous Boundary-Layer’’; Readers’ Forum, Journal Transfer from Fine Wires in Supersonic Flows”’; Journal of 
of the Aeronautical Sciences, vol. 23, Dec. 1956, pp. 1128-1129. Fluid Mechanics, vol. 1, Part 3, Sept. 1956, pp. 276-289. 


64 Schaaf, S. A., and Sherman, S. F., “Skin Friction in Slip 
Flow’’; Journal of the Aeronautical Sciences, vol. 21, Feb. 1954, 


57 Hayes, W. D., “On Laminar Boundary Layers with Heat 66 Lin, T. C., and Schaaf, S. A., “Effect of Slip on Flow 
Transfer’’; JET PRoputsion, vol. 26, April 1956, pp. 270-277. Near a Stagnation Point and in a Boundary Layer.’?’ NACA TN 
58 Probstein, R. F., and Elliott, D., “The Transverse Curva- 2568, Dec. 1951. 


A Survey if Heat Transte Problems Encountered by 


Hypersonic Aircraft 


NACA, Ames Aeronautical Laboratory, Moffett Field, Calif§ 
‘ 
d 
Recent advances in rocket technology indicate a capa- _ wise, the structural designer must understand that local 
bility for long-range hypersonic flight in the near future. heating rates can be grossly altered by structural deforma- 
While in the past the maximum speed of manned aircraft tion caused by thermal stresses which may easily exceed 
has been limited to low supersonic speeds by the thrust stresses due to air loads. It is apparent, then, that any 
available from jet or single-stage rocket engines, such is aircraft designed for hypersonic flight speed must be the 
not the case when large multistage rocket engines are result of close cooperation between aerodynamicists, 
employed. It now appears technically possible to obtain structural designers and thermodynamicists. The pur- 
hypersonic speed in the range of Mach numbers from 10 pose of this paper is to outline, in broad form, the major 
to 25 by use of rocket engines currently under development. problems encountered in the aerothermodynamic design 
Since available thrust will soon no longer be a deterrent to of hypersonic vehicles. It is necessarily brief and, in some 
high speed, what prevents us from immediate attainment aspects, incomplete. No mention is made, for example, of 
of hypersonic flight? Even a cursory examination of the the many problems concerned with interna] cooling sys- 
problem will show that aerodynamic heating will deter- tems or material and structural problems. Attention is 
mine not only the maximum speed which can be obtained focused on only one type of hypersonic vehicle. This air- 
but will impose severe limitations on the choice of flight craft is one which is boosted to high speed and altitude by 
path and will dictate the configuration of the airplane, a rocket engine and then utilizes its kinetic and potential 
the type of construction employed and the materials which energy to glide to its destination. 
can be used. Thus, an understanding of the heat trans- 7 ~ 
fer phenomena present at hypersonic speed is important 
to the aerodynamicist who must often compromise his _ Nomenclature 
design in order to minimize aerodynamic heating. Like- A = area, sq ft 
= lift coefficient, dimensionless _ Pe 
Presented at the ARS Semi-Annual Meeting, San Francisco, Cp = specific heat, Btu/lb °R : 
Calif., June 10-13, 1957. h = heat transfer coefficient. Btu/hr sq ft °R ips 
1 Aeronautical Research Scientist. = enthalpy, Btu/Ib 
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L/D = lift-to-drag ratio, dimensionless 

J = Mach number, dimensionless 

Pr = Prandtl number, dimensionless 

p = pressure, lb/sq ft 

q = unit heat transfer rate, Btu/hr sq ft 

St = Stanton number, dimensionless 

= streamwise coordinate, ft 

€ = emissivity, dimensionless 

+ = ratio of specific heats, dimensionless 

2 = recovery factor, dimensionless 

a = Stefan Boltzmann constant, Btu/hr sq ft °R‘ _— 

d = mean free molecular path, ft 

A = sweep angle, deg ~ 

é = characteristic dimension, ft : 

p = density, lb/cu ft 

m = viscosity of air, lb sec/sq ft 

r = boundary layer thickness parameter, defined in Fig. 4 

Subscripts 

i = internal 

max = maximum 

r= radiative - * 

re recovery 4 ar 

8 = satellite conditions 

t = transition 

w = wall 

0 = conditions at boundary layer outer edge = 

General Considerations q 

E START by making a simple steady-state heat bal- 


ance on a section of the aircraft skin. This section, for 
the moment, is assumed to be so thin that heat conduction 
into or out of it is negligible. 


If we assume that no internal cooling is employed, the 
convective heat transfer into the surface due to aerodynamic 
heating is just balanced by the radiant heat transfer out- 
ward from the surface. The temperature which the skin at- 
tains at this condition of balance is the radiation equilibrium 
temperature 

This is an important concept and should not be confused 
with recovery temperature T,, which is the temperature the 
skin would attain with radiation and internal cooling absent. 

Proceeding, Equation [1], after again neglecting internal 
cooling, can be written 


Tre) = 


Plotting Equation [2], we obtain the result shown in Fig. 1 
where the radiation equilibrium temperature 7’, is shown as a 
function of h/e for several values of the recovery temperature 
Tras 

Now, to a first order, the recovery temperature depends 
only on the square of the flight speed for hypersonic Mach 
numbers, as can be seen from 


at= 

Consequently, if the premise of hypersonic speed is ac- 
cepted, we must accept a high value of 7,.; from Equation 
|2] and Fig. 1, it is seen that the only method available to re- 
duce radiation equilibrium temperature is to minimize the 
ratio h/e. 

We are, of course, limited by Kirchoff’s law to a maximum 
value of unity for e and for our purpose it is fortunate that 
practical surfaces at high temperature can approach this 
value. In ensuing calculations, we will assume that the 
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Fig. 2. Effect of speed and wing loading on equilibrium altitude 
emissivity ¢ of the surface has a fixed value of 0.8 which in 
the light of present knowledge concerning the emissivity of 
metallic surfaces appears reasonable. 

Then the remaining task is to examine the effects of varia- 
bles, over which we have control, that affect the heat transfer 
coefficient h and thereby determine methods by which we can 
minimize its value. 

The heat transfer coefficient is usually written in dimen- 
sionless form in terms of the Stanton number St as 


[4] 


The Stanton number is seen to be a dimensionless factor of 
proportionality between the heat transfer rate and the tem- 
perature potential causing heat flow, since the convective 
heat transfer rate can be written as 


de = St-pUcp(Tre — Tw) 


Thus, from Equation [5] it is seen that for a fixed flight 
speed, the air density and the Stanton number should be as 
low as possible in order to minimize the heat transfer rate. 

In [5] and in the computations to follow, it is important — 
to note that air properties and, in fact, flow characteristics in 
general are referred to local conditions at the point in ques- 
tion on the aircraft. These conditions are usually very dif- 
ferent from free-stream conditions because the air flowing over 
the body has passed through shock or expansion waves. 

Now the most obvious method of reducing local air density — 
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is to fly at high altitude. The highest altitude at which an 
airplane can sustain itself in gliding flight depends upon the 
wing loading, the lift coefficient and the flight speed. This 
can be seen from the equation for aerodynamic lift, taking 
into account the centrifugal force developed by the curved 
flight path. Thus, the required aerodynamic lift is 


2 Us 


The effect of wing loading W/A on the maximum equilib- 
rium gliding altitude is shown in Fig. 2 for several speeds, 
expressed as fractions of satellite speed, and for a value of lift 
coefficient of 0.1. This figure shows the interesting fact 
that equilibrium flight at a given hypersonic speed is confined 
to a relatively narrow range of altitude regardless of wing 
loading. This, of course, is due to the exponential variation 
of atmospheric density with altitude. 

Another obvious method of minimizing local air density 
over an aircraft surface is to make the flow deflection angles, 
and hence shock strengths, as small as possible. This implies 
that an optimum configuration, from a heat transfer view- 
point, for a radiation-cooled hypersonic aircraft will consist 
of a high fineness ratio body with very thin wings. 

The variables which are known to affect Stanton number 
are 


dp 
T dx’5 


St=f (1, i, Pr, 


The Mach number and Reynolds number are naturally 
expected to affect the heat transfer as they do other aspects of 
aerodynamics in general and boundary layer flows in par- 
ticular. The Prandtl number can be expected to have impor- 
tance because it represents the conductivity, viscosity, and 
heat capacity of the air. The other variables require some 
comment. 

The variable, R,, is the transition Reynolds number and is 
one of the more important variables because of the large 
differences in the heat transfer occurring with laminar and 
with turbulent boundary layers. The effect of transition 
Reynolds number on Stanton number is shown in Fig. 3 
where it can be seen that transition at a Reynolds number of 
10 X 10° causes a fivefold increase in convective heat transfer 
between the cases of a laminar boundary layer and a turbu- 
lent boundary layer. 

The body-surface temperature to boundary-layer-edge tem- 
perature ratio, 7,,/T,, enters the problem because it affects 
the temperature and density structure of the boundary layer. 
In Fig. 4 is shown the differences which occur in boundary- 
layer density and temperature profiles when the wall tem- 
perature is varied from a relatively cold value T, = T, toa 
hot value T7,, = T;-. These data are for a laminar boundary 
layer and were taken from calculations of Klunker and 
McLean (1).2, Not only are the temperature and density 
distributions grossly altered by the change in wall tempera- 
ture, but the boundary layer thickness is affected as well. 
With changes of this magnitude in boundary layer structure, 
it is not surprising that the Stanton number is affected by 
large wall temperature to free-stream temperature dif- 
ferences. 

The variables dp/dx and dT,,/dx express the influence of 
body shape and surface-temperature gradient, respectively. 
These two variables enter the problem because the charac- 
teristics of a boundary layer at a particular point on a body 
depend upon its history from the point of origin to the point 
in question. 

A considerable amount of theoretical work has been done 
to determine the effects of pressure gradient, wall tempera- 
ture gradient, and wall-to-free-stream temperature ratio on 
the characteristics of the laminar boundary layer. Cohen 


* Numbers in parentheses indicate References at end of paper. 
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4, | 
and Reshotko (2), Li and Nagamatsu (3), and Levy (4) have 
independently solved the laminar boundary layer equations 
taking account of surface pressure gradients, viscous dissipa- 
tion, and heat transfer, while also taking account of the 
variation of air properties with temperature. 

Similar progress cannot be reported for the case of the 
turbulent boundary layer. A lack of knowledge of the 
mechanism of turbulence, coupled with formidable mathe- 
matical difficulty, has forced us to rely almost completely 
upon experimental investigation. 

Fortunately, there is a considerable body of experimental 
investigation available from which heat transfer data, suffi- 
cient for engineering purposes, can be drawn (5-12). It is 
notable, however, that the data are restricted to low super- 
sonic Mach numbers. 

An empirical method, first employed by Rubesin and John- 
son (13), has proven to be extremely useful in accounting for 
the combined effects of Mach number and wall-to-free-stream 
temperature ratio. This is the so-called reference tempera- 
ture method in which the reference temperature at which air 
properties are defined is expressed as a function of local Mach 
number and wall-to-free-stream temperature ratio. For 
laminar boundary layers, the reference temperature is 


T 
T’ = ro| + 0.032M? + 0.58 (7s | [8] 


and for turbulent boundary layers 


le 
1 + 0.35 M? + 0.45 —1)]......10 
T ro| + 0.35 M +045 (7 1) | 19] 


It has been found, in practice, that the use of the reference 
temperature method and heat transfer relations for an iso- 
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thermal flat plate yields results in good agreement with ex- 
periment. This is true even for the case of heat transfer i 
the presence of moderate surface pressure and temperature 
gradients. Again it is stressed that local values of Mach 
number and static air temperature must be used in Equa- 
tions [8] and [9]. 

For the case of aerodynamic heating occurring at very 
high altitudes, parameters based on molecular properties 
such as the Knudsen number 4/6 (ratio of mean free path to 


characteristic dimension) and molecular speed ratio (ratio of — 


flight speed to the most probable molecular speed) are en-— 
countered (14-15). It is interesting to note that both of | 
these parameters can be related to Mach number and Rey- _ 
nolds number so that actually, no new parameters are in- 
volved. It is important, however, that heat transfer laws 
derived for continuous flow not be applied under conditions 

of slip flow or free-molecule flow conditions whose boundaries 

can be expressed in terms of the Knudsen number. 


Heat Transfer Calculations for a Typical Hyper- 
sonic Aircraft 


We have set down, in general form, the variables that af- 
fect aerodynamic heating of high speed aircraft. The applica- 
tion of these results to the calculation of the heat transfer 
characteristics of a hypersonic aircraft can now be under- 
taken. 

It is assumed that the trajectory of the airplane has been 
fixed so that it glides at (L/D). at equilibrium altitude. 
The initial speed has been fixed to give the desired range. 
Our problem then is to calculate the radiation equilibrium 
temperature over the complete aircraft structure. If it is 
found that certain portions of the structure exceed the allowa- 
ble temperature limit set by material strength, we must de- 
termine the areas thus endangered and calculate the amount 
of internal cooling necessary to reduce the structural tempera- _ 
ture to tolerable values. : 

The logical place to start the computation is at the lead- 
ing edge of the wing. This particular wing is swept back 
65 deg. The leading edge is semicircular in cross section normal 
to sweep angle, hence we can use theoretical and experi- 
mental heat transfer data obtained on the front half of right 
circular cylinders. The problem of heat transfer to yawed } 
circular cylinders has been considered by Reshotko in Ref- 
erence (16). His results are summarized in Fig. 5. It is seen 
that sweepback has a powerful effect on the heat transfer to— 
the leading edge. For the condition of 65 deg of sweep, aver- 
age heat transfer per unit area is only about 30 per cent of that 
obtained at zero sweep. The determination of the actual — 
leading edge radius depends upon the flight conditions and 
the allowable radiation equilibrium temperature. Fig. 6 
shows some calculated values of leading edge temperature as 
a function of leading edge radius. The severe drag penalty © 
associated with blunt leading edges is, to a large extent, 
alleviated by sweepback as shown by Penland in Reference 
(17). Fig. 7 shows the drag of sweptback cylinders as a func- 
tion of sweep angle. It is notable that at 65 deg of sweep, 
drag coefficient is only about 10 per cent of the drag coefficient — 
at zero sweep. 

Following the computation of the leading edge temperature, a. 
we can proceed to compute the temperature of the remainder 7 
of the wing surface. At this point, it is necessary to stop and 
examine in more detail the assumptions which must be em- 
ployed and to discuss the practical computation procedures 
which can be used. 

The two main questions which arise and which require im- 
mediate attention are: 

(a) Of the many variables affecting Stanton number, Equa- 
tion [7], which can be eliminated? 

(b) What is a reasonable value to assume for the Reynolds 
number of transition? 

The first question can be resolved by a series of assump- 
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Fig. 5 Variation of average heat transfer with sweep angle 
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Fig. 6 Effect of leading edge radius on average leading edge 
temperature 
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Fig. 7 Variation of pressure drag coefficient for cylinders 

tions which, when put to experimental test, have proven 
correct within engineering accuracy. We eliminate the 
variable \/6 by assuming flight at altitude low enough that 
no appreciable slip-flow effects are expected. As mentioned 
previously, the pressure gradient has been found, experi- 
mentally, to have small effect on Stanton numbers for 
moderate pressure gradients, especially for the case of turbu- 
lent boundary layers. 

The skin temperature gradient cannot be explicitly deter- 
mined since the skin temperature is, at this time, unknown. 
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Consequently, its effect on the heat transfer must be taken 
into account by an iteration after we have first computed the 
skin temperature assuming no gradient present. 

Possibly the greatest uncertainty in the calculations arises 
in the choice of the transition Reynolds number. Although 
a considerable body of both theoretical and experimental 
data are available on this subject (18-27), it is found that 
additional variables, not accounted for in the analytic work, 
complicate the experiments. The boundary layer stability 
theory, as derived by Lees and Lin (26) and Van Driest (27) 
are extensions of the Tollmien-Schlichting stability theory to 
take account of compressibility. There is no exact relation 
between boundary layer instability and transition; however, 
the two phenomena are qualitatively related when very small 
flow disturbances can be considered to be the triggering 
mechanism for transition. The factors included in the ana- 
lytic work are: Mach number, wall-to-free-stream tempera- 
ture ratio and surface pressure gradient. For certain condi- 
tions of Mach number and wall-to-free-stream temperature 
ratio, the theories indicate infinite boundary layer stability. 
These conditions are shown in Fig. 8, which was taken from 
Reference (27). However, it is found experimentally, for ex- 
ample, that surface roughness and joints, stream turbulence, 
external disturbances due to noise, shock impingement, etc., 
can control transition in addition to those variables ac- 
counted for in the analysis. It is not surprising, then, that 
boundary-layer transition cannot be determined by a simple 
experiment since any one of these many variables can control 
transition. 

In the end, then, the choice of transition Reynolds number 
is, at the present state of the art, little more than conjecture. 
The unfortunate feature of this state of affairs is the fact that 
the difference in heat transfer rates and skin temperatures 
occurring between the cases of laminar and turbulent flow can 
completely dictate the trajectory and maximum allowable 
speed of the aircraft. The difference in radiation equi- 
librium temperature for a laminar and a turbulent boundary 
layer for the lower surface of the wing of a hypersonic airplane 
flying at 180,000 ft altitude and Mach number 18 is shown in 
Fig. 9. In the design of manned aircraft, it would obviously 
be essential to anticipate the possibility of achieving only 
limited extents of laminar flow. 

A common design dilemma that can easily occur is worth 
mention. This occurs when too conservative design results in 
such a heavy airplane that, for a given propulsion system, the 
maximum speed is reduced so much that the conservative 
design is no longer required. 

With respect to transition, a saving feature of hypersonic 
aircraft is that they, by virtue of their high speed, are able 
to fly at very high altitude and hence low Reynolds numbers. 
This is shown by Fig. 10 where the Reynolds number based 
on a 25 ft length is shown as a function of flight speed. The 
flight speed is chosen to correspond to that occurring for an 
equilibrium flight at a wing loading of 40 lb/ft?. 

The high Mach number and relatively cold surface tem- 
perature are also conducive to laminar flow. Nevertheless, 
for a manned aircraft, it is certain that conservative design 
would require the assumption of turbulent flow until reliable 
test data indicating otherwise is obtained. 

The radiation equilibrium temperature of the wing skin aft 
of the leading edge can be computed then, to a first approxi- 
mation, by using the convective heat transfer relation for 
turbulent flow over an isothermal, zero pressure gradient 
body. This relation is 


gy’ = 0.0296 


Pr? /5 


where the primes indicate that the air properties are evaluated 
at a reference temperature Equation [9] and local flow con- 
ditions. 

An immediate putin which arises is due to the influer nee 
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Fig. 10 Variation of Reynolds number with velocity for flight 


of the leading edge shock wave and bluntness on the local gas 
properties aft of the leading edge. Data have shown (28, 29) 
that the interaction between the leading edge shock wave and 
the boundary layer induces high surface pressures which 
would be expected to affect the heat transfer. Lees (30) has 
discussed this induced pressure effect in some detail, and gives 
relations for computing the magnitude of the induced pres- 


sure rise. 
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Table I 

——_————Shock Properties —————— rate 

Mach Angle of Density Pressure Temp. Btu/hr ft? Assumed 
number Equil. alt., ft. attack ratio ratio ratio < 10-* condition 
20 j|. 232,000 5.59 100.7 19:15 5.83 Perfect gas 

20. 232,000 7.18 77.4 10.79 4.84 Disso. gas 
20 < 176, 500 2.896 5.277 «66.48 Perfect gas 

~ 176,500 2.699 5.12 Bee 79 5.46 Disso. gas 

207 ,000 3.57 -erfect gas 

144,090 2.483 3.826 4.15 Perfect gas 

144,000 2.155 3.475 vi 1.51 4 3 46 Disso. gas 


Heat Transfer Calculations Taking Account of 
Dissociation 


Up to this point, we have only briefly mentioned one of the 
most important phenomena that occurs at hypersonic speed. 
This phenomenon is the dissociation and ionization of the air 
resulting from the high temperatures attained in the boundary 
layer and in regions behind shock waves. Dissociation of the 
oxygen and nitrogen results in the formation of a gas contain- 
ing Ox, NOx, NO, NO, NO+, O-, O+, O++, N, Nt, 
and N**. Until quite recently, aerodynamic and heat transfer 
calculations have been hampered by a lack of knowledge of 
the thermodynamic properties of this complex gas. Re- 
cently, however, Hilsenrath and Beckett (31) have computed 
the thermodynamic properties of dissociated air (in chemical 
equilibrium) up to temperatures of 15,000 deg Kelvin (27,000 deg 
Rankine) and over a density range of 100 to 10~¢ times nor- 
mal atmospheric density. Moeckel (32) has used this infor- 
mation to compute oblique shock relations for flight velocities 
up to 25,000 fps and altitudes to 200,000 ft. Using informa- 
tion from the latter two references, it is possible to compute 
local flow and thermodynamic conditions (velocity, density, 
temperature, pressure, enthalpy, and entropy) existing be- 
hind normal and oblique shock waves. 

When these conditions have been calculated, it is then pos- 
sible to compute the heat transfer to a body using the ref- 
erence enthalpy method of Romig and Dore (33) in which 
enthalpy difference, — i», replaces the term — Tw) in 
Equation [5]. For a turbulent boundary layer, account is 
taken of local Mach number and wall-to-free-stream tem- 
perature ratio by defining the gas density, p’, at a reference 
value of enthalpy 


i? = 10 + 0.035M? + 0.45 | 


The transport properties, viscosity and thermal conductivity, 
are defined at a temperature 7 which corresponds to the local 
reference enthalpy and density. 

It should be clearly understood that the result thus ob- 
tained for heat transfer rates can only be considered as ap- 
proximate until they are subjected to experimental test. 
There are several reasons why one should be hesitant about 
accepting these calculations. First, the transport properties 
of high temperature dissociated air are not known. Depend- 
ing upon the molecular model chosen, equally plausible calcu- 
lations yield values for viscosity, for example, which bracket 
the extrapolated values for undissociated air. Additional un- 
certainty is introduced by the assumption of chemical equi- 
librium. This is tantamount to assuming zero time for the 
establishment of rotational and vibrational equilibrium and 
for the formation of the several molecular species. There is 
also the possibility of the aircraft skin acting as a catalyst 
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and introducing surface chemical reactions that have not been 
considered in the simplified approach described. 

Examples of the differences obtained in computing heat 
transfer rates when dissociation is taken into account are 
shown in Table I, which compares values of heat transfer 
rates and flow parameters assuming perfect gas relations and 
assuming dissociation present. 

In conclusion, it should not be inferred that the preceding 
examples of calculation procedures can be used to predict, 
with certainty, the surface temperatures attained by hyper- 
sonic aircraft. At best, they can only be considered as first 
approximations which will permit a tentative design to be 
formulated. 

At the present time, it appears unlikely that ground test 
equipment capable of yielding detailed heat transfer informa- 
tion will be able to simultaneously simulate the three variables 
of main concern at hypersonic speed—Mach number, Rey- 
nolds number, and stagnation temperature. 

Therefore, we must, for the present, rely upon syntheses of 
groups of data obtained in test equipment which simulate only 
one or two of these variables. The attainment of hypersonic 
flight will provide an indication of the success of our efforts and 
will lead to an improvement in the interpretation of test data 
and analyses directed toward a move advanced hypersonic 
aircraft. 
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defined in Reference 2 


h = altitude above mean sea level, ft 

heg = altitude at which equilibrium temperature is recrossed, 
ft 

hse = total enthalpy outside boundary layer, Btu/Ib 

k = see Equation [8] 

L = lift, force lb 

m = mass, slugs i 

M.. = free flight Mach number srt: 

P, = static pressure at sea level, lb/ft? a 

P.. = static pressure at ambient conditions, lb/ft? 

Pr = average value of Prandtl number across boundary layer 

q = free stream dynamic pressure = }p.V?, lb/ft? 

Gw = heat flux at wall, Btu/sq ft sec 
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of a small amount of heat sink and flying more suitable tra- 
jectories is discussed briefly in this paper, and it is shown that 


T 


integrated heat flux I 


Q )dr’, Btu/sq ft 
> = yadial coordiisate teeasared frota center of earth, ft : lifting vehicles can re-enter the atmosphere without the use of 
ro = radius of the earth, ft heat sinks much larger than the inherent heat sink of the 
Ry = radius of curvature of surface at stagnation point, ft structure. This work is preliminary and no attempt has been 
S = area, sq ft made to optimize the trajectory. 
Tw = wall temperature, °R a. < 
J = velocity with respect to fixed axes, fps > ‘ 
W = weight, lbs : Considerations of the Design of a Lifting Vehicle 
= , Ibs 
X range coordinate, ft a study of this type several assumptions must be intro- 
= path angle between V and X, radians A 
; Ae : - duced in order to simplify the problem and to obtain some in- 
yo = mean ratio of specific heats upstream of bow shock licati th A f 
z = mean ratio of specific heats behind bow shock wave _dication 0 the more important parameters. A parame te ro 
\ = drag loading parameter, CpS/W a great importance in the study of a re-entry problem is the 
= = surface emissivity 7 = of the heat sink required in order to dissipate or ab- 
” = coordinate of fixed axes (see Fig. 1) sorb the heat produced during the trajectory. Therefore, 
A = lift loading parameter C,S/W when different types of solutions are discussed some analysis 
#sec of weight would be required. Because of the preliminary na- 
as ” ft? ture of this analysis, no comparison is presented between the 
t = coordinate of fixed axes (see Fig. 1) weight of a lifting vehicle and the weight of a ballistic vehicle. 
itv edge of arv lav /ft3 4 
p> = — fe at outer edge of boundary layer, ne ge However, a few remarks are in order on this matter. 
cc = - = CRY constant = 0.48 xX 10°", Btu/ It is believed that with careful study of the geometry it is 
ane pi possible to show that a vehicle capable of producing a given 
= 2, SeC ‘ 
¢ = angle between ¢ and V (see Fig. 1), radians amount of drag at hypersonic speed an produce, without 
v= angle between 7 and r (see Fig. 1), radians appreciable increase in structural weight, a comparable 
amount of lift, if flying at a suitable angle of attack. Probably 
Subscripts a larger amount of lift can be obtained by appropriate choice 
© = upstream of bow shock of the geometry of the vehicle with no penalty in drag or in 
e€ = outside of boundary layer the weight of the structure. 


> 
Introduction 


EVERE aerodynamic heating is produced at the surface 
of satellite, ballistic or interplanetary vehicles during their 
re-entry into the atmosphere. For some applications, where 
large decelerating forces are acceptable during re-entry, flight 
trajectories entering the atmosphere at large angles are prac- 
tical. In such cases, the time involved in the deceleration is 
small, and, in spite of the large rate of heat transfer at the 
surface of the body, the heating produced during the trajec- 
tory can be absorbed by a heat sink. However, for vehicles 
carrying men or instrumentation, the decelerations involved 
with this kind of trajectory are excessive and flatter trajec- 
tories are required. For these flat trajectories the weight of 
the required heat sink can become prohibitive. However, 
other means of dissipating the aerodynamic heat are avail- 
able, and trajectories of a nonballistic type can be practical 
for re-entry. For manned vehicles some control of the trajec- 
tory during re-entry is also required in order to control the 
landing location. 

For small angle trajectories the duration of the high velocity 
flight is much longer and the total amount of aerodynamic 
heat produced during re-entry is much larger than the 
corresponding values for steeper trajectories starting at the 
same conditions. However, the heat flux can be limited to 
much smaller values than that in the preceding case. There- 
fore, a large amount of the convective heat can be dissipated 
by radiation, without the necessity of absorbing it by means 
of a heat sink. In order to do this, the rate of aerodynamic 
heating should be kept as low as possible, so that during a 
large part of the trajectory the convective flux will be equal 
to or less than the rate at which heat can be dissipated by 
radiation. This condition requires that the deceleration 
occur slowly and at very high altitude. In order to have sus- 
tained flight at such high altitude the use of lifting vehicles 
appears promising. 

A study of a re-entry trajectory where lifting vehicles are 
used is presented in (1).4 There, a complete balance of radi- 
ant and convective heat transfer is sought during the trajec- 
tory. In (1) somewhat negative conclusions have been 
reached. The re-entry of a lifting vehicle taking advantage 
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This opinion can be substantiated by the following simpli- 
fied considerations: The drag of a re-entry vehicle is in large 
part shock drag or pressure drag. In an axially symmetric 
body the pressure produces only drag; however, if the same 
body is at an angle of attack, it can produce lift and drag 
without additional penalty in heat input since the pressure 
and velocity distributions in the critical (stagnation) areas 
are essentially unchanged. If in place of a symmetric vehicle, 
a vehicle having a cross section whose axis normal to the 
direction of lift is longer than the axis in the lift direction is 
considered, the resulting vehicle at an angle of attack has 
large lift and the same drag as the axially symmetric vehicle. 

The upper surface of this lifting body does not contribute 
essentially to the lift or to the drag because there the pressure 
is practically zero. Therefore if this surface is removed no 
large variations of the forces or the heat input on the body are 
introduced. The possibility of using lifting bodies which are 
open on the upper part is attractive because this scheme per- 
mits one to keep a large radius of curvature at the leading 
edge, large thickness for the structure, and to increase the 
amount of radiant heat dissipated by the surface for a given 
temperature of the structure. Consider, for example, the 
profile of Fig. la. The lower surface is subject to a large 
amount of convective heating and can be kept at high tem- 
peratures, for example, through the use of a ceramic coating. 
The upper surface of the structure is at a lower temperature 
and the heat conducted across the thickness is radiated from 
the upper surface. Therefore, an equilibrium temperature 
gradient can be maintained throughout the structure. A 
possible vehicle for re-entry is sketched in Fig. 1b. 

In the comparison of different trajectories it is necessary 
to compare values of heat transfer at a point which is a repre- 
sentative one for all configurations considered. In the analysis 
of this paper the stagnation heat transfer has been assumed as 
representative. For the high altitude flight with lifting tra- 
jectories considered here, the stagnation point heat transfer is 
probably the highest which need be considered and it is much 
above the average value of the heat transfer on the vehicle. 
However, this value can be lower than the maximum for steep 
trajectories where transition is possible during re-entry be- 
‘ause of the higher Reynolds numbers achieved. 

In this analysis three types of trajectory have been ana- 
lyzed. The first trajectory has constant path angle, and it is 
close to a ballistic trajectory; therefore, it approaches a tra- 
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Fig. la Sketch of open structural arrangement for a hypersonic 


vehicle 
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Fig. lb A suggested configuration for a re-entry vehicle 


jectory having zero lift. The second trajectory is one having 
constant lift and drag coefficients during its first portion, and 
horizontal flight with constant drag coefficient for the re- 
mainder of the trajectory. The third trajectory considered is 
a damped phugoid. In this trajectory the vehicle flight path 
is of the skip type. In this case the vehicle is heated during 
part of trajectory, because the convective heat flux is larger 
than the radiant flux, and is cooled during the other part. 
Therefore, the heat capacity of the body is used to advantage 
more than one time. 

The analysis assumes as initial conditions 300,000 ft of al- 
titude and 26,000 fps velocity. 
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The critical phase of the re-entry will be analyzed by con- 
sidering trajectories starting at 300,000 ft of altitude and a 
speed of 26,000 fps. Under these conditions, sufficient ac- 
curacy will be maintained if the acceleration due to gravity is 


as? = 1.0. In Fig. 2a, and 7 represent 


Equations of Motion ar 


held constant, i.e., : 

0 
stationary coordinate axes with the origin at the center of the 
earth. The returning vehicle is located at a radial distance 
r = ro + hand at angle y with the 7 axis. It is of mass m and 
has a velocity V making an angle ¢ with the & axis. 

A detailed free-body force diagram is shown in Fig. 2b. 
From the equilibrium conditions, the following equations of 
motion of the body with respect to axes fixed in space can be 
obtained 


F; = —Lsing — mgsiny — Deosg = m(V — sing) 
[1] 


F, = Lcosg — mgcos — Dsing 


[2] 


For convenience in handling the aerodynamic forces, these 
equations are transformed to axes perpendicular and parallel 
to the velocity vector. This yields 


L CLS 
and 
W W 


These equations are equivalent to the conventional body 
V¢ Vy 
axes equations. The difference between the terms — end — 
represents the substantial centrifugal force in level flight 
which is not negligible in this problem. 
Define X as the distance along the local horizon, i.e., the 
terrestrial range for a nonrotating earth. Then 


V cos y 16] 
r 


With the geometric relation 
[7] 


a complete set of equations of motion is now available. 


Heat Transfer Relations 


Consider the stagnation point heat transfer to a body in 
hypersonic flight as representative of the level of heat transfer 
at the surface of the body. 

Using, for example, (2), the heat flux, gu, convected to the 
wall is given by 


qu = 0.5 V Ro... 
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_ By taking P, = 0.71 and @ constant and equal to 0.66, 
there results for an axisymmetric body 


= 0.5879-V VV [9] 


Now, by relating the pu product to the enthalpy as sug- 
gested in (3), and using the Rayleigh pitot tube equation, 
there results 


Qu = 2.61 X 


Introducing = Poe~ 36 X 


Po = 2116 psf 
= V/1000 


there results 4 
= 120 X 2.18 X [11] 


The radiated heat flux is 


Equating the radiated and convected flux, the condition for 
“equilibrium paths,” is given in this approximation by 


V = 0.18 (€ Ry) '/3-22 9-677 X 10 [13] 


a 
Ifa different form had been assumed for the stagnation heat 
transfer Equation [8], this result Equation [13] would have 
changed accordingly. Equation [8] is a good approximation 
to hypersonic wind tunnel data and has been used for that 
reason. 

The lines of constant e'/*7',Ro'/* in the velocity-altitude 
plane are plotted in Fig. 3. On this is superimposed the line 
showing the circular velocity of 26,000 fps. It should be 
noted that the corresponding lines for free molecule flow 
would have somewhat higher slope than those computed here, 
and would intersect these lines near 325,000 ft altitude. 
Therefore the free-molecule heat transfer is ignored in this 
analysis. 

For all trajectories considered, Equations [3, 4] were inte- 
grated in order to find the trajectory, and these results were 
used in [11] to find the instantaneous convective heat flux. 
This quantity was then integrated with “ai to time in 
order to determine the total convected hea 3 
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Results of the sian, 


In order to obtain information about the heating process 
during re-entry, it is necessary to integrate the equations of 
motion. In this analysis three particular types of trajectory 
have been considered. These trajectories are representative 
of various realizable trajectories and have the advantage of 
simplified numerical computation. In spite of the fact that 
they do not represent optimum paths from the heating point 
of view, the analysis of such trajectories provides interesting 
information on the problem. 


Investigation of Spiral Paths—Path 1 


The equations of motion Equations [3, 4] and heat transfer 
[11] were integrated for trajectories of constant path angle, y 
These trajectories are logarithmic spirals r/(r9 + 3 X 105) = 
e¥ tan, For this class of paths the lift just balances the dif- 
ference between the force of gravity and the centrifugal force. 
The lift is very near zero at the beginning of the path and it 
increases but never attains the value of the weight as the cen- 
trifugal force decreases. 

The results show that there exists a simple relationship 
between the maximum longitudinal deceleration and the path 


angle 

independent of C»S/W. The principal assumption involved 
in reaching Equation [14] is that the flight occurs through an 
isothermal atmosphere with exponential pressure variation 
with altitude. The initial conditions for the path are h = 
300,000 ft and Vinitias = 26,000 fps. These assumptions are 
used throughout all the calculations for all flight paths in- 
vestigated. 

One sees immediately from Equation [14] that, in order to 
limit the longitudinal accelerations to reasonable values, for 
protection of personnel and/or equipment, one must restrict 
spiral paths to those of very small path angle. For example, 
to restrict (V/g)max to —10, —y must be less than 3.3 deg. 

Some of the characteristics of the heating process along 
spiral paths are shown in Fig. 4. For the chosen maximum 
value of the radiation parameter, ¢'/* 7,,Ry'/* = 2500, which 
corresponds to a given maximum acceptable value of the 
surface temperature, the balance between convective and 
radiative heat transfer cannot be maintained during the com- 
plete trajectory. In a limited portion of the trajectory the 
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convected heat is larger than the radiated heat. 


Therefore, 
in order not to exceed the prescribed maximum surface tem- 


perature some heat sink is required. During the subsequent 
portions of the trajectory, all of the convected heat can be 
radiated by surfaces maintained at or below the maximum 
chosen value. 

The altitude heq at which the vehicle recrosses the equilib- 
rium line / = 2500 and the integrated heat flux Q 
V/ Ry siny convected to the stagnation point during the 
trajectory until the recrossing of the equilibrium line, as a 
function of the parameter CpS/W sin y are shown in Fig. 4 
The velocity of the vehicle at the time it recrosses the equi- 
librium line is shown in Fig. 3. 

For very small values of y, of the order of —3 deg or less, 
as required for small decelerations, the value of Q sin yV Ro 
is of the order of 600, and the heat convected to the stagnation 
point of the body, Q, is of the order of 12,000 Btu/sq ft for a 
radius, Ro, of the order of one ft. This is a measure of the 
heat sink requirement and this particular value is somewhat 
high. Fig. 4 shows that, for a constant value of CbS/W, when 
7 decreases, the capacity of the heat sink required increases. 
This is so because of the increased time spent on the curve 
representing the flight path in the h-V plane. 

Typical trajectories of a high drag and a low drag vehicle 
are sketched in Fig. 5, with the e'/* 7,,Ro'/* = 2500 equilib- 
rium line of Fig. 3 superimposed. For spiral paths, the tra- 
jectory in the h-V plane is a function of CpS/W sin ¥ alone. 

In general, the lift required to fly the constant y path is 
small during the critical (high speed) part of the trajectory. 
Therefore, the results presented in Fig. 4 are indicative of the 
integrated heat loads for bodies with little or no lift. 

This simplified analysis shows that the path angle for con- 
stant angle paths must be large to limit the heat load; how- 
ever, it must be small to limit the decelerations. 

From the analysis of the previous results, and from the re- 
sults of (1), it appears that in the high altitude regime the 
amount of aerodynamic force available with any practical size 
vehicle is too small to produce an appreciable change in tra- 
jectory. Therefore, in this region, steep path angles are de- 
sired in order to limit the heating time. On the other hand, 
the path angles should be small at low altitudes to avoid ex- 
cessive deceleration; therefore, control of the path angle by 
means of lift seems to be the required solution. 

It also appears evident from the analysis of the preceding 
results that at the beginning of the re-entry it is not necessary 
to restrict the trajectory to equilibrium conditions, as im- 
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posed in (1). Initially, the heat flux is small and the body is 
still cold and a heat sink of only moderate proportions is re- 
quired to absorb the transient excess heat. In all practical 
cases, this heat sink is essentially available in the vehicle’s 
own structure. 


\ 


20 


Investigation of Paths with Varying Path Angle 


Two different trajectories with varying path angle have 
heen considered: 


tt/sec 


Type 2 Trajectories 


1 @ WOO 


In these trajectories, A and A are constant from the initial 
point to the point where y = 0; thereafter A is maintained 
at its previous value, but A is varied so as to hold y = 0 until 
the equilibrium line is recrossed. ‘ 


VELOCITY 
0) 


Type 3 Trajectories 


In these trajectories, A and A are fixed for the entire re- 
entry. Here the vehicle performs large scale damped phugoid _ | 
oscillations and may recross the equilibrium line several times 2 
during its flight. ; 

Table 1 shows the more important results obtained from the 
analyses of several trajectories of type 2. The table shows 
that for reasonable values of A and A and moderate values of 
Yo, a reasonable re-entry in terms of acceleration and heat sink 
is readily achieved. 


ie) 50 100 150 200 250 


AtTITUDE, h, feet 


Fig. 5 Typical trajectories of 


For example, for a maximum deceleration of 10 g, the value 
of OW Ro is equal to 7800 compared with 12,000 for path 1. 

In order to have some indication of the relative merit of 
the third type of trajectory, some trajectories of this type 
have been analyzed. The characteristic parameters of one of 
these trajectories were A = A = 0.05 and yo = —0.10 radian. 
The results of this analysis are presented in Figs. 6-8. 


while path 3 absorbs only 6200 Btu. For path 3, the heat 
sink is cooled sufficiently during the high altitude phase so 
that subsequent skips are less critical. 

The heat flux as a function of time for the two types of tra- 
jectory is shown in Fig. 7. The dynamics of the type 3 path 
is illustrated in Fig. 8. Here, the velocity V, altitude h, 
normal acceleration L/W, and the range Y, are given as 


functions of time. The example shown is not an optimum 
arrangement of A, A and go, nor is A = constant an optimum 
program. However, this simple case illustrates the design 
benefits that can be achieved. 

Consider, as discussed in the introduction a vehicle with 
A = A. For such a vehicle, the data of (1) show that, in 
order to limit ¢'/* T,,Ro'/* to 2500, values of A = A = 0.2are 
required. In the present computation, with the structure 
limited to the same temperature, A = A = 0.05 is required. 
This fourfold increase in the wing loading indicates the bene- 
fits of taking advantage of the moderate heat sink which exists 


Fig. 6 shows the trajectory in the h-V plane. For compari- 
son, the corresponding path for the type 2 trajectory with the 
same initial conditions is also shown. Both paths take 35 
sec to reach the horizontal flight condition. In path 2, the 
speed is bled off at constant altitude. This process takes an 
additional 155 see to recross the equilibrium line. In path 3, 
the speed is bled off in a zoom. The vehicle reaches a maxi- 
mum altitude of 440,000 ft, and recrosses the equilibrium line 
50 see after the horizontal condition. These differences in the 
time required to recross the equilibrium line are reflected in 
the heat sink requirements: Path 2 absorbing 10,980 Btu 


te 
Table 1 Summary of type 2 paths 
i = 
yo hea (qu Ro, QV R,,* (; ) 
A A radians ft Btu/see Btu/ft*/2 (V/g)max 7, 8 
0.02 0.05 —0.1 197,900 144 — 9,140 2.98 —7.45 
0.02 0.07 —0.1 195, 800 128 , 700 2.13 —7.45 
0.05 0.05 —0.1 221,000 128 10,980 4.03 —4.03 
0.05 0.07 —0.1 221,900 109 7,970 3.41 —4+.78 141.7 
0.05 0.05 —0.05 255, 800 67 16,800 1.18 —1.18 415 
0.05 0.05 —0.2 187,500 202 7,760 10.22 —10.22 : 
0.05 0.05 —0.35 166, 700 285 4,910 ~38.0 —37.5 


QV Ro: For yo = —0.05, add 310 Btu/ft*/2:; yo = —0.1, add 155; 

* This column lists the integrated convective heat flux to an yo = —0.2, add 78; yo = —0.35, add 45. 
axisymmetric stagnation point from the initial conditions (V = ** This column lists the duration of the trajectory from the 
26,000 fps, h = 300,000 ft) to the crossing of the equilibrium line initial conditions to the crossing of the equilibrium line. To 
e'/t TRo'/s = 2500. These initial conditions are slightly above find the total time the vehicle is above the equilibrium line e'/« 
the equilibrium line, as shown in Fig. 3. To find the total con- T who'/* = 2500, add the following quantities to the tabulated 
vected heat for the entire time the vehicle is above the equilibrium values of 7: For yo = —0.05, add 13.1 sec; yo = —O.1, add 6.5; 
line, add the following quantities to the tabulated values of yo = —0.2, add 3.3; yo = —0.35 add 1.9. 
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Fig. 6 Trajectories of types 2 and 3 


in any lifting vehicle. 
figurations where the permissible wing loadings will | 
ciably increased. 

The acceleration (V/g)max will, to a large measure, deter- 
mine the value of W/S. Therefore, it is of interest to com- 
pare the values of QV Ro required by the different types of 
trajectories considered for a prescribed value of V/gmax. 
This has been done in Table 2. All three cases assume A = 
0.05; paths 2 and 3 assume A = 0.05. Path 1 prescribes A. 
Since the maximum normal acceleration is at most } or 75 
the longitudinal deceleration, the maximum value of A will 
be much less than A. 

The table shows that large advantages are to be gained by 
using moderate amounts of lift. In addition, for the cases 
shown, path 3 trajectories require substantially less heat sink 
than path 2. This is due to the fact that path 3 recrosses the 
equilibrium line in less time than path 2 (see Fig. 7) while the 
maximum heat flux is the same for both paths. 


Integrated heat load Q V R, for paths with 
the same maximum deceleration 


= 0.05 


Table 2 


* A 
— 40 (*) — 10.0 
g max g 
QV Ro Yo QVR, Yo 
Path1 19,300  —0.0235 12,300 —0.0588 
Path2 10,980 —0.10 7,760 —0.20 
Path 3 6,200 —0.10 6,400 —0.1742 


An additional benefit of path 3 is the longer total time and 
range over which the entire deceleration takes place. For the 
path 3 trajectory investigated here and presented in Fig 8, 
the time is of the order of 16 min and the range approxi- 
mately 2800 miles. The corresponding values for a trajectory 
of type 2 are three min and 850 miles, respectively. 

The convective heat input to a two-ft radius stagnation 
region of a sledlike vehicle (see Fig. la) can be kept to the 
order of 4200 Btu/sq ft during re-entry along suitably chosen 
trajectories utilizing lift. Even ignoring the relief afforded by 
radiation, this heat could be absorbed by a structure weighing 
25-30 psf (allowing a 1500 F temperature rise for copper or 
steel). This implies a thickness of about 0.6 in. of material in 
the stagnation point region. Structures of this magnitude 
will probably be required in order to withstand the aerody- 
namic loading (at elevated temperatures) near the stagnation 
point. The imposed heat load is very much lower elsewhere, 
since the sweepback and small relative wind angle result in 
much lower heat transfer coefficients. The structure will 
therefore have to be thick only near the stagnation point, where 
substantial structure will be required in order to withstand 
the aerodynamic loads in any case. 


Conclusions 


An analysis of the re-entry problem has been performed for 
a lifting vehicle. The results show that the use of lifting ve- 
hicles having a moderate amount of heat sink alleviates the 
heating problem during re-entry. The decelerations occurring 
during re-entry can be kept to acceptable values for manned 
vehicles. A promising trajectory is a damped phugoid, type 


3. It is suggested that the surfaces used to produce the drag 
required for deceleration can be used to produce lift and drag 
without additional complication, and that, in order to in- 
Additional 


crease radiation, open-type lifting surfaces be used. 
work is required along these lines. 
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Fig. 7 Heating history of trajectories of types 2 and 3 
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A Method for Improving the Performance of Shock Tubes 


A. RUSSO? and A. HERTZBERG: 


Modifications of the basic shock tube are considered in 
order to improve the performance of shock tubes and, in 
particular, to extend the use of hydrogen to the generation 
of strong shock waves in air. These modifications are the 
double-diaphragm shock tube with monatomic buffer 
gases and the shock tube with an area change at the dia- 
phragm station. The results of this investigation indicate 
that the use of a shock tube with an area discontinuity 
and the proper monatomic buffer gas should permit the 
generation of strong shock waves, using cold hydrogen as 
a driver gas, with over-all pressure ratios comparable to 
those required for existing combustion drivers. In addi- 
tion, by using a buffer gas with the proper atomic weight, 
it is possible to contro] the downstream diaphragm pres- 
sure ratio to minimize the mass of the downstream dia- 


phragm. 
Received April 22, 1957. a 
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HE shock tube and shock tunnel have recently found 
widespread application in the generation of high tempera- 
ture flows for hypersonic research (1).4 One of the chief 
problems in the hypersonic application of shock tubes is the 
generation of the required strong shock waves. This problem 
has been considered by a number of investigators (2, 3) and 
they have shown that, for a given shock tube configuration 
and pressure ratio, increasing the acoustic velocity of the 
driver increases the strength of the shock waves generated. 
High acoustic velocities may be obtained by use of com- 
bustible mixtures of hydrogen and oxygen diluted with 
helium (4), or by the use of low molecular weight gases such as 
hydrogen and helium. The combustion driver, though 
efficient,> has a tendency to be somewhat erratic unless ex- 
treme care is exercised in its use. While hydrogen is also an 
efficient driver gas, its use involves certain hazards at high 
pressure. Also, when hydrogen is used to drive air, the 
combustion at the hydrogen-air contact surface introduces 
severe flow disturbances. While these problems are avoided 
by using helium, the pressure ratios required to produce strong 
shock waves with helium are much greater than with hydro- 
gen, owing to the lower efficiency of helium. 


4 Numbers in parentheses indicate References at end of paper. 
5In this note, efficiency implies the ability of a driver to 
generate strong shock waves at low shock tube pressure ratios. 


1191 


| | | 
' 
| 
° 100 200 300 = 500 600 700 800 900 1000 ae 
n 8 Characteristics of a type 3 trajectory 
= 
g 
e 
j 
n 
n 
re 
wr 
1e 
val 
ig 
1g 
n- 
al 
= 


20 — —- 
CONFIGURATION 3 


PRESSURE RATIO 


2): = OVERALL PRESSURE RATIO 


4 BYR - DOWNSTREAM PRESSURE RATIO 


= UPSTREAM PRESSURE RATIO 


a view to the reduction of driver pressure required to generate 


108 

[% a © strong shocks and the elimination of combustion at the inter- 

s = Combustion at the hydrogen-air interface can be circum- 
Lee vented by the use of a double-diaphragm shock tube configura- 
el ee f sy tion with an inert buffer gas between the hydrogen (driver gas) 
18 ATION 2 ft and the air (driven gas). Although many buffer gases are 
[% railable which fulfill this requirement, monatomic buffer 


gases have been selected for this analysis, since in addition to 


WYDROGEN-AIR SHOCK TUBE 7 f- 
CONFIGURATION being inert, these gases minimize re¢ al gas effects in the buffer 
CONFIGURATION 1 zone. Analysis of the double-diaphragm shock tube modifi- 


‘ation with monatomic buffer gases indicates little or no gain 
in the final shock strength as compared with a conventional 
hydrogen-air shock tube of constant area. 

However, since the use of an area contraction between the 
driving and driven sections results in an increase in final shock 
strength for the same over-all pressure ratio, this modifica- 
tion was considered next, in conjunction with a monatomic 
buffer gas. The optimum distribution of a given over-all 
contraction ratio was found to be equal proportions between 
the two diaphragm stations: Of course, it is simpler to apply 
the total contraction at only one diaphragm station, and, 
fact, applying the total contraction at the downstream dia. 
phragm results in final shock strengths very close to those 
obtained with equal area distribution. Accordingly, in this 
investigation, a large contraction ratio was assumed at the 
downstream diaphragm, and the flow velocity behind the 


A/A, >? shock reflected from the contraction was assumed to be 
| eel, small. It should be pointed out that while this assumption 
2-2 maximizes the possible gain in final shock strength, 50 per ) 
cent of the maximum gain may be achieved with area con- 
Fig. 1 Effect of atomic weight of buffer gas upon shock boosting Fig. 1 shows the effect of buffer gas atomic weight on the 
final shock strength for various initial pressure ratios, as ¥ 
compared with the shock strength attainable in a constant- 
area shock tube without buffer, and in a shock tube with ' 
a large area discontinuity without buffer. Both the air and | 
the monatomic buffer gas were assumed to be at the same é 
initial pressure for convenience of shock tube operation. At 
pressure ratios above 100, it can be seen that the use of “ 
the proper buffer gas leads to a significant increase in efficiency, i 
since the final shock strength attainable for a given over-all f 
pressure ratio increases. It is interesting to note that at | 
very high pressure ratios the maximum increase in shock e 
strength is theoretically obtained with high atomic weight ‘ 
gases such as xenon (atomic weight ~130). With the tI 
optimum buffer gas, the performance of the cold hydrogen- 
driven shock tube approaches that of the combustion-driven “e 
shock tubes. 
Other investigators (6) have evaluated the effect of varying , 
the buffer gas pressure and have indicated that an optimum " 
buffer gas pressure exists for a given over-all pressure ratio and - 
%*T =Te for a given combination of gases. A similar analysis has been 
Ayag >>! made for the variable atomic weight buffer gas under con- 
sideration here. Figs. 2 and 3 show the effect of pressure 
“p ratio distribution upon final shock strength for the various St 
Fig. 2 Effect of pressure ratio distribution and buffer gas atomic atomic weight buffer gases for an over-all pressure ratio of 10° a 
weight upon final shock strength and 10%, which are convenient shock tube pressure ratios. 
It is interesting to note that regardless of buffer gas atomic Ap 
weight, approximately the same final shock strength can be 
achieved by suitably adjusting the pressure ratio distribution. per 
In view of these driver problems, several investigators have However, the use of low atomic weight buffer gases, such as nar 
considered basic shock tube modifications to improve the helium, requires relatively high downstream diaphragm pres- -. 
efficiency of the shock tube, and to avoid the use of combus- sure ratios. This may not be convenient in shock tube opera- Ing 
tion drivers. Among these modifications are the multiple- tion because the particles resulting from the shattering of 25, 
diaphragm shock tube with a buffer gas and the shock tube the stronger downstream diaphragm required may cause Du 
with an area change at the diaphragm station. As has been damage to the shock tube and may interfere with flow estab- 6 
pointed out, hydrogen is an efficient driver gas, and despite lishment. In addition, the quick opening times made possi- Sho 
hazards at high pressures it is being widely employed in shock ble by using weak downstream diaphragms reduce mixing 7 
tube research. In this analysis, the use of certain modifica- at the buffer-air interface. Thus, the loss in testing time “Mi 
tions to the shock tube will be studie ed, using basic nonsteady associated with the mixing resulting from the slow opening soni 
flow techniques (5), assuming hy drogen to | be the driver, w ith time of a massive diaphragm may be reduced. 2,N 
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Examination of the foregoing results indicates that argon, 
which is a convenient buffer gas, offers large gains in perform- 
ance without requiring large downstream pressure ratios. 
Fig. 4 shows the performance of an argon buffer gas over the 
range of practical shock tube pressure ratios. 
shows the effect of varying the downstream pressure ratio 
under these conditions. 

The same improvements that apply to hydrogen can, of 
course, be applied to other drivers. Fig. 5, which is 
similar to Figs. 2 and 3, shows the effect of pressure ratio 
distribution for various buffer gases upon the final shock 
strengths for a combustion driver. The driver composition is 
80 per cent helium, 13.33 per cent hydrogen and 6.67 per cent 
oxygen, and the acoustic velocity ratio with respect to air 
at standard conditions is 6.54. The constant-area shock 
tube without buffer using the combustion driver yields 
shock Mach numbers in air of 9.8 and 14.7 at over-all 
pressure ratios of 10° and 104 respectively. The shock tube 
with a large area contraction, without buffer gas, using the 
combustion driver yields shock Mach numbers of approxi- 
mately 12 and 17.3 at over-all pressure ratios of 10° and 104 
respectively. 

To illustrate the advantages of the proper buffer gas, the 
following shock tunnel design point is demonstrated using 
Fig. 4 and Reference (7). In order to establish a free flight 
Mach number of ./ 20 in the Cornell Aeronautical Labora- 
tory hypersonic shock tunnel, a shock Mach number in the 
driven air of M,l13 is required. For the conventional con- 
stant area, single-diaphragm shock tube usinga hydrogen driv- 
er, a pressure ratio of approximately 7 X 104would be required. 
For the shock tube with an area discontinuity without a 
buffer and using a hydrogen driver, a pressure ratio of approxi- 
mately 1.8 X 104 would be required. The multiple diaphragm 
shock tube with an argon buffer and an area discontinuity re- 
quires an over-all pressure ratio of approximately 3.5 X 10%, 
which represents an over-all reduction in pressure ratio by a 
factor of about 20. 

This investigation has shown that the combination of the 
double-diaphragm modification with a monatomic buffer gas 
and a large area discontinuity at the downstream diaphragm 
station results in an appreciable i increase in the final shock 
strength for a given over-all initial pressure ratio. The gain in 
final shock strength, using a buffer gas with the proper atomic 
weight and an area discontinuity, is greater than that which 
could be obtained with an area discontinuity alone. In addi- 
tion, by selecting the proper buffer gas, it is possible to control 
the downstream diaphragm pressure ratio to minimize the 

mass of the downstream diaphragm. The proper use of a shock 
tube with an area discontinuity and a monatomic buffer gas 
should permit the generation of strong shock waves using cold 
hydrogen as a driver gas, with over-all pressure ratios com- 
parable to those required for existing combustion drivers. 
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Also, Fig. 4 


Fig. 3 Effect of pressure ratio distribution and atomic weight of 
buffer gas upon final shock strength 
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Fig.5 Effect of pressure ratio distribution and buffer gas atomic 
weight upon final shock strength for combustion driver 
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This Visicorder Oscillograph record* is a sym- 
bol of the leadership that is typical of Honeywell 
engineering. In laboratories all over the world 
the Visicorder’s instantly-readable direct records | 
are showing the way to new advances in rocketry, 
control, computing, product design and com- 
ponent test and in nuclear research. 


The Model 906 Visicorder is years ahead of the 
trend. It is the first oscillograph that combines 
the convenience of direct recording with the high 
frequencies and sensitivities of photographic- 
type instruments. The Visicorder alone among 
oscillographs lets you monitor high-speed vari- 
ables as they go on the record. 


Honeywell 


Some of the general features which give the Visi- 


7 corder leadership in the direct-recording field are: 


@ Frequencies from DC to 2000 cps without — 
peaked amplifiers or other compensation 


@ Six channels plus 2 timing traces on 6” paper | 
@ Deflection 6” peak to peak; traces may overlap — 


@ Record speeds 0.2, 1, 5, and 25 inches per © 
second, minute, or hour 


@ Records require no liquids, powders, vapors, — 
or other processing 


Call your nearest Minneapolis-Honeywell Industrial _ 
Sales Office for a demonstration. 


Reference Data: Write for Visicorder Bulletin 


Minneapolis-Honeywell Regulator Co., Heiland Division, — 
5200 East Evans Avenue, Denver 22, Colorado. 
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Book Reviews 


Molecular Beams, by Norman F. Ramsey, 
The International Series of Monographs 
on Physics, Clarendon Press, Oxford, 
1956, xii + 466 pp. 
Reviewed by I. ESTtERMANN 
a Office of Naval Researth 


i In less than fifty years, the molecular 


beam method has produced a wealth of 
new and important fundamental scientific 
information, has resulted in the award of 
four Nobel prizes among other tokens of 
recognition of scientific achievement, and 
has begun the transition from pure research 
to engineering applications. Neverthe- 
less, it has remained a relatively unknown 
technique even among physicists, and 
not more than a few hundred investigators 
have actually utilized this method in the 
pursuit of research problems. 

One reason for the lack of popularity of 
such a powerful scientific method has been 
the scarcity of comprehensive accounts 
in the literature. The first book on the 
subject by R. G. J. Fraser appeared in 
1931, a second short one by the same 
author in 1937, and from there on until 
1955 only a few review articles dealing 
with selected topics of the general subject 
have appeared. Now, in short succession, 
two new volumes have been presented, a 
small one by K. F. Smith—essentially a 
second edition of the 1937 book by 
Fraser—and the book presently under 
review. 

To quote from the author’s preface, the 
purpose of this book is to “satisfy the need 
for a detailed, consistent, and up-to-date 
discussion of the subject of molecular 
beams. Although the entire subject is 
discussed in the present book, experiments 
prior to 1930 are dealt with more briefly, 
since they are described in greater detail in 
Fraser’s book.’’ Within this framework, 
the book discusses not only in great detail 
the molecular beam experiments, but also 
the theoretical physics associated with 
them. The topics include gas kinetics, 
scattering of molecules by gases and sur- 
faces, theory of nuclear interactions in 
molecules, magnetic deflection experi- 
ments, magnetic resonance experiments, 
nuclear magnetic moments, neutron beam 
magnetic resonance experiments, radio 
frequency spectroscopy of molecules, 
atomic hyperfine structure, the anomalous 
electron magnetic moment, nuclear quad- 
rupole moments, electric deflection and 
resonance experiments, atomic fine struc- 
ture experiments, the Lamb-Rutherford 
experiment, molecular beam design prin- 
ciples and molecular beam techniques. 

The readers of this JourRNAL will be 
mostly interested in the sections dealing 
with gas kinetics and molecule scattering, 
and with the chapters on design principles 
and techniques. The first two of these 
deal mostly with experiments prior to 
1930 and are, as the author states in his 
preface, treated in a somewhat abbreviated 
fashion. Thus their value for the reader 
interested in the possibility of applying 
molecular beam methods and technology 
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Ali Bulent Cambel, Northwestern University, Associate Editor 


to problems related to aeronautical science 
is somewhat limited, and they are prob- 
ably more useful for him as a reference 
source than as a source of factual informa- 
tion. The same applies, although to a 
lesser extent, to the chapters on design 
principles and techniques, which are 
almost exclusively concerned with applica- 
tions to magnetic and electric moments and 
related subjects and which are, I believe, 
not of particular interest to the audience 
of this JouRNAL. These somewhat nega- 
tive comments should, however, in no way 
detract from the value of the book as an 
excellent description of the experimental 
and theoretical applications of the molec- 
ular beam method to problems of atomic 
and nuclear physics, in particular those 
based on the various resonance methods in 
the development of which the author him- 
self has played a very prominent part. 


Introduction to Operations Research, 
by C. West Churchman, Russell L. 
Ackoff and E. Leonard Arnoff, New 
York, John Wiley & Sons, Inc., 1957, 
x + 645 pp. $12.00. 


Reviewed by Frep M. WesstFIELD 
Northwestern University 


At the tool crib in an aircraft plant, | 


mechanics at times have to stand in line 
waiting to obtain tools from the clerks. 
If more clerks were put to work, the 
mechanics would waste less time. But 
with arrival and serving time being ir- 
regular, if there are more clerks more of 
their time is wasted sitting around wait- 
ing for mechanics to show up. Suppose 
you are in charge here! How many clerks 
would you hire? Presumably, efficiency 
requires that the sum of the costs to the 
firm of idle clerks and idle mechanics be at 
a minimum. Since clerks usually earn 
less per hr than mechanics, it is clear that 
they should do more of the “waiting-in- 
line’ than the higher-priced mechanics. 
But what is the most efficient number? 

Or, perhaps, you must decide what 
type and how many spare parts are to ac- 
company a fleet of new airplanes. The 
cost of parts is low now while the plane is 
in production. Later, when the parts 
may be needed, their costs will be very 
much higher. The quantity of any part 
to be purchased obviously should depend 
on its probability of failure, on costs asso- 
ciated with its storage, on revenue losses 
that might result from delays in its availa- 
bility and on the actual difference in the 
present and expected future cost. The 
greater the quantity purchased the greater 
is the probability that the part will be- 
come scrap without ever being used. 
What type of order policy is most eco- 
nomical? How many of each part should 
you order? 


Or, your job is to blend a gasoline meet- 


ing a number of critical specifications; 
say, minimum octane rating or perform- 
ance number, maximum vapor pressure, 
maximum quantities of tetraethyl lead, 


The most important engi- 
neering assignments are now 
being placed with companies 
which can point to superior 
accomplishments not only in 
research and development, but 
in production of the end items. 
Because of this, engineers inter- 
ested in aircraft and missile com- 
ponents and systems will find 
outstanding opportunities at the 
Garrett Corporation. Our prime 
areas of operation include the 
following : 


ay 


air-conditioning 
pressurization 
heat transfer and cryogenics 
y 
pneumatic valves and controls 


system electronics, computers 
and flight instruments 
gas turbine engines and 
turbine motors 


The Garrett Corporation also has 
made important advances in prime 
engine development and in design 
of turbochargers and other industrial 
products. 


Our engineers work on the very 
frontiers of present day scientific 
knowledge. We need your creative 
talents and offer you the opportunity 
to progress by making full use of 
your scientific ability. Positions are 
now open for mechanical engineers 
... mathematicians... specialists in 
engineering mechanics ... electrical 
engineers... electronics engineers. 


For further information regarding 
opportunities in the Los Angeles, 
Phoenix and New York areas, 
write today, including a resume 

of your education and experience. 


Address Mr. G. D. Bradley 


9851 S. Sepulveda Blvd. 
Los Angeles 45, Calif. 
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AiResearch Manufacturing 
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AiResearch Cam-Piston Air Motors 
function with complete reliability at 
extreme temperatures—require 
no conventional lubrication or cooling 


Here are air motors that operate 
dependably far beyond the tempera- 
ture limits of electronic and hydraulic 
units. 

Using bleed air asasourceof energy, 
the output of the air motor is almost 
linear with inlet pressure, allowing 
maximum efficiency through a wide 
range of operating conditions. High 
horsepower and torque to weight 
ratios are obtained by displace- 
ment volume per revolution exceed- 


Model Numbers CM-710 


Total Length 13.3 


SPECIFICATIONS 


CM-350 
* (illustrated) 


Min. Neigh? 2.9 2.5 
Max. Dia. Envelope (in.)...... 4.0 3.2 2.8 
Weight 15.5 7.5 
Output at 200 psig supply 

pressure and 1200 rpm (hp).... 18.5 9.1 4.2 
Starting Torque at 200 psig 

supply pressure (inch-pounds)... 1800 890 400 


ing the overall volume of the motor. 
Motor acceleration is extremely 
fast —less than .05 second in most 
applications. Low rotating speeds — 
from 100 rpm to 2500 rpm — make 
gear reduction unnecessary and mini- 
mize problems of over-speed control, 
rotational stresses and wear. 
Flexibility of the basic design 
allows for a wide range of motor sizes 
— from less than 1 hp up to 300 hp — 
depending on the available pressure 


supply. Length vs. diameter shape 
can be changed by varying the num- 
ber of pistons and/or the piston diam- 
eter and stroke. 

When coupled with a ball screw 
which may retract within the full 
length of the motor shaft, the cam- 
piston air motor has wide application 
as a compact, high-performance 
linear actuator in high temperature 
pneumatic power control systems. 

Your inquiries are invited. 


+ Outstanding opportunities for qualified engineers 


CORPO 
AiResearch Manufacturing Divisions 


Los Angeles 45, California... Phoenix. Arizona 


— 


Designers and manufacturers of aircraft and missile systems and COMPONENLS ; REFRIGERATION SYSTEMS * PNEUMATIC VALVES AND CONTROLS * TEMPERATURE CONTROLS — 


CABIN AIR COMPRESSORS * TURBINE MOTORS * GAS TURBINE ENGINES 
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CABIN PRESSURE CONTROLS * HEAT TRANSFER EQUIPMENT * 


ELECTRO-MECHANICAL EQUIPMENT + ELECTRONIC COMPUTERS AND CONTROLS be 
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= FOR THE FINEST JOB OPPORTUNITIES 
IN THE GUIDED MISSILE FIELD! 


Yes, it’s a fact. At Bendix Guided Mis- 
siles you’ll enjoy living in an attractive 
community convenient to metropolitan 
areas and recreational centers, with ex- 
periencing job opportunities unrivalled 
in the guided missile industry. 

As prime contractor for the vitally 
important Talos Missile, Bendix en- 
gineers are engaged in the widest pos- 
sible range of missile work and enjoy 
unusual advancement opportunities. 

There is no question about it—guided 
missile engineering is definitely the 
newest and most modern business, and, 
logically, the best future for engineers 
is working with a prime contractor on 
one of the nation’s most important 
missile projects. 

So that you may investigate thoroughly 
the many advantages of becoming a 
Bendix Guided Missile engineer, we 


Bendix Products Division—Missiles 
413 N, Bendix Drive, South Bend, Indiana 


Gentlemen: | would like more information concerning opportunities in guided 
missiles. Please send me the booklet “Your Future In Guided Missiles”. 


NAME 


have prepared a thirty-six-page booklet 
giving the detailed story of the function 
of the various engineering groups, such 
as ram-jet propulsion and hydraulics, 
guidance, telemetering, steering intel- 
ligence, component evaluation, missile 
testing, environmental testing, test equip- 
ment design, system analysis, reliability, 
and other important engineering opera- 
tions. 

If you’d like to combine the advan- 
tages of living in the Middle West and 
an unparalleled chance for professional 
growth with one of the world’s foremost 
missile builders, just mail the coupon 
today for your copy of the booklet 
“Your Future in Guided Missiles’. 


—prime contractor 


for the TALOS MISSILES 


ADDRESS 


| 


— 


and perhaps some others. You can mix a 
number of different refinery streams. In 
fact, there are numerous ways of meeting 
the specifications. Given the charac- 
teristics of each of the refinery streams, 
and their incremental costs, which is the 
least-cost mixture of streams that meets 
the specifications? 

The systematic formulation and solu- 
tion of such managerial problems in eco- 
nomic analysis are examples of what some- 
times is called management science, opera- 
tions research, or, as some enthusiasts 
prefer, O.R. The methods for dealing 
with the problems might include neo- 
classical economic analysis and_ linear 
programming, probability theory and 
statistics, and more general logico-mathe- 
matical techniques. Lip service might also 
be paid to such avant garde disciplines as 
game theory, communications theory, cy- 
bernetics, and others. 

The book before us, as the authors em- 
phasize in the preface, is an introduction. 
“Tt is not intended to be,’’ they insist, “‘a 
reference work for experienced practi- 
tioners.’’ Nor is it a textbook which can 
hope to make an operations researcher 
(the authors do believe that “the day is 
probably coming when the statement that 
someone is an operations researcher will 
have as clearly recognized a meaning as 
the statement today that someone is, for 
example, a theoretical physicist,’’ p. 625). 
out of the person who would like to be one. 
Actually, the book grew out of a “Short 
Course in Operations Research” at Case 
Institute of Technology, and all three of 
the authors are connected with this-insti- 
tution. The book, as the course, has the 
twofold objective: 

1. Toprovide prospective consumers of 
Operations Research with a basis for 
evaluating the field and for understand- 
ing its potentialities and procedures. 

2. To provide potential practitioners 
with a survey of the field and a basis on 
which they can plan the further educa- 
tion required for competence with the 
methods and techniques. 

By the prospective consumer, the 
authors presumably mean the person at 
the management level who might want to 
try out some operations research on his 
problems, or the one who might hire a 
team of operations researchers for the 
enterprise. Such readers would be much 
interested in actual examples of problems 
and their solutions and honest evaluations 
of what can be accomplished in terms of 
dollars and cents or other appropriate cri- 
teria. And this book does describe some 
interesting cases. A whole chapter, for 
example, reproduces a journal article that 
describes an analysis by the Port of New 
York Authority of traffic delays at toll 
booths. This is much like the tool-crib 
problem which, the authors say, was ana- 
lyzed at Boeing. Unfortunately the cases 
are generally mingled with hypothetical 
problems that, like differential equations 
in the elementary calculus text, happen to 
fit a formula. Cooked-up problems lack 
the flavor of reality. However, they do 
help to convey the spirit of it all, as 
example: The application of the “scien- 
tific method’ to the solution of mana- 
gerial problems. 

For the potential practitioner—the pro- 
ducer rather than consumer—the book at- 
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ae NEW SR-4° strain indicator and | 


Foil gages shown above are enlarged to twice their actual size. 


NEW SR-4 bonded foil strain gages 


Type N SR-4 Strain Indicator 
This new, improved strain indicator features printed circuits 
and transistors, weighs one-third less than the previous model 
and has a smaller case. No warmup is required. In inter- 
mittent service its batteries last up to five times as long and 
cost two-thirds less. The legs of the case are positioned to 
permit tilting for improved readability. For direct readings 
with full external bridge, no calibration correction is required. 
Used as a preamplifier with standard cathode ray oscilloscope, 
it gives visual indication of dynamic strain with better response 
and in a broader range than the previous model. Frequencies 
up to 300 cps at amplitudes up to 3500 microinches per in. 
can be observed without appreciable distortion. 


SR-4 Bonded Foil Strain Gages 


Two new types of foil gage in 4 in. gage length, 120 ohms 
resistance, now make many types of stress analysis possible 
with new accuracy and ease. A Bakelite-bonded gage, Type 


FAB-2, and a quick-drying paper-and-cement-bonded gage, 
Type FAP-2, have marked advantages over comparable 
standard bonded wire strain gages. Hysteresis is now so low 
as to be negligible for stress analysis. Fatigue life of the paper 
gage matches that of comparable wire gages—that of the 
Bakelite gage is longer. Lateral strain sensitivity of both is 
down by one-half, offering new accuracy in measuring biaxial 
strains. The quick-drying paper gage is quick and easy to 
install. The Bakelite gage offers such attractive features as 
dependable service at 300°F or higher. It is thinner and more 
flexible than comparable bonded wire gages—requires no 
preforming for curved surfaces and is thus easier to apply. Its 
glass fiber filler makes it less sensitive to moisture effects. 


Both new foil gages have tinned lead wires, well anchored 
and easy to connect. Both gages are now stock items for 
prompt delivery. For more information on this or other 
Baldwin stress analysis equipment, write to Electronics & 
Instrumentation Division of B-L-H, Waltham, Mass. Or we 
will have a representative call on you at your request. 


BALDWIN -LIMA-HAMILTON (PR) 


EBlectronics & Instrumentation Division 
Waltham, Mass. 
SR-4® strain gages * Transducers ¢ Testing machines 
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Wallingford, Connecticut 
SUBSIDIARY OF NEPTUNE METER COMPANY 
we 


For nerves that | 
wont break down... 


... specify i 
REVERE TEFLON* CABLE ae 


Electronic cables, the “nerves” of monitoring and test- ; 
ing systems in missiles, rockets and aircraft, are con- 
stantly being stressed by the searing heat around jet 
engines .. . the sub-zero cold of the stratosphere . . . 
immersion in fuels, chemicals or solvents. Revere Teflon 
Cable meets these high service requirements . . . and 
those of computer and radar applications, too. 


Revere Teflon Cables are available with 1, 2, 3 or 4 
teflon-insulated, silver plated, stranded copper con- 
ductors, rated for continuous operation from —90°C. 
to +210°C. Cables are shielded with silver plated cop- 
per to give 90% coverage. Jackets to suit application 
— silicone treated glass braid, teflon, Kel-F**, vinyl, : : 
nylon, etc. 
Conductor size: 24 to 18 gage in .008” (300 volt), 
.010” (600 volt) and .015” (1000 volt) wall thicknesses. 
Ten and fifteen mil wall conductors meet applicable 
requirements of MIL-W-16878, Type E and EE. 


*E.1. du Pont trademark 
**M.W. Kellogg trademark 
+ Wire passes 500 hr., 

250°C heat-aging test 
. + also cold bend test 


TYPICAL SPECIFICATIONS — Single Conductor Teflon Insulation 


3000 volts Write today 
Insulation Resistance ..Greater than 104 megohm/1000 ft. for Engineering 
Continuous any Range ......—90°C. to +-210°C. (t) Bulletin 1905 describing 
Dielectric Constant @ 1 MC/Sec ..............0... 2.5 maximum 

Power Factor @ 1 MC/Sec ......................Less than 0.0003 Revere TEFLON CABLE. 
Flammability Does not support combustion 

Shrinkage ........ Less than %” in 18” @ 250°C for 96 hrs, As. 

Abrasion (per MIL-T-5438) ........... Passes 38” of 400 grit, 


Moisture Absorption ; 
Chemical and Solvent Resistance ...............::ss000 Excellent 


tempts to provide a glimpse of a wide 
variety of analytical techniques. There is 
linear programming, economic _lot-size 
theory, queuing theory, replacement 
theory, game theory, and muchmore. Be- 
cause all this is directed at readers who are 
assumed to have little knowledge of formal 
mathematics, examples must bear much 
of the weight of the exposition. Conse- 
quently the reader’s attention is often 
focused on manipulation, computation and 
obiter dicta—on trees rather than forests. 
The explanation, for instance, of the trans- 
portation problem in the chapter on linear 
programming surely is incomprehensible 
to the uninitiated. Much would have 
been gained if there had been stress on 
providing an intuitive feel for the theoret- 
ical structures. Perhaps most  disap- 


pointing is that the authors did not realize 
that the more promising of the potential 
practitioners already do know basic mathe- 
matics, statistics and economics. 

In these and other respects, the book is 
uneven. This undoubtedly reflects the 
fact that in addition to the three authors 
whose names appear on the dust jacket 
and who accept responsibility for the 
book, there are twelve collaborators each 
of whom directly contributed to the work 
by preparing initially the material for one 
or more of the twenty-two chapters. 

The bibliographies that follow the chap- 
ters contain many of the important refer- 
ences that provide the foundations for the 
material presented. 


Leakproof 
Metering Valves 


@ Hi Vacuum to 6000 PSI. 

e “O" Rings and Teflon or 
Seats are standard. 

e@ Over-torquing cannot damage 
seat or needle as buffer plate and 
metering pin act as a forming die. 

@ Impossible to score needle or seat. 

e Lifetime Valve—can be completely 
overhauled in a matter of minutes 
without disturbing plumbing or mount- 
ing. 

@ The most economical valve in the 
long run. 


Write for further details 
ROBBINS AVIATION 


1735 W. Florence Ave. 
Los Angeles 47, Calif. 
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NIAFRAX® nozzles are available in 
intricate shapes and can be produced 
to close tolerances in sizes ranging 


from ¥%” to more than 30” in diameter. 


In uncooled rocket motors, NIAFRAX 
silicon-nitride-bonded silicon 
carbide refractories stand up to 
extreme temperatures, heat shock and 
erosion for the full burning time. In 
fact, NIAFRAX nozzles and liners will 
often last through several firings. 


For details, write Dept. TiI7, 
Refractories Division, 


CARBORUNDUM 


Registered Trade Mark 


Bis 
ny 
Perth Amboy, New Jersey, 


Before the present century ends, 
authorities have said you will be able 
to board a rocket and cross the 
Atlantic in minutes. Or circle the 

Earth in an hour... 
wees This is being brought about because 
8 er of practical research on problems that 
, need answering now. At Douglas, for 
instance, work to cushion sensitive 
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instruments against the tons of grav- 
itational pull they meet in a rocket 
take-off tells much that will help pro- 
tect passengers in a rocket ship. Im- 
proved aerodynamic design for super- 
sonic fighters suggests more efficient 
airframes for rockets. The control 
system which will permit directing 
the Douglas Thor missile to a target 


1500 miles away ‘leads to controls 
for tomorrow’s rocket ships. 

Today, Douglas engineers work in 
fields ranging from atomic power to 
electronics, thermodynamics to acous- 
tics. You see the results in skies 
around the world, in aircraft, rockets 
and missiles for all of our armed 
services. 


COAST AND GEODETIC SURVEY 


Thor, new intermediate range ballistic 

missile developed for the Air Force by the 

Douglas Aircraft Company is still a hush- 
hush project. Thor is designed to carry a 

thermonuclear warhead at meteoric 

speeds . . . when operational will supple- 

ment the manned bomber force of the 

Strategic Air Command. Douglas is now > 
building three basic types of rocket and 
missile: air-to-air, ground-to-air, and 

ground-to-ground. 


First in Aviation 
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Guided missile 
manufacturers do... 


For example, the General Electric 
Missile and Ordnance Systems 
Department uses Statham Model 
PA203 pressure transducers 
on their missile programs. 
The Model PA203 miniature | 
pressure transducer mounts 
into a 34-16 fitting without zero 
shift from installation torque. 
The transducing element is the 
rugged Statham unbonded 
strain gage. This model is 
available in ranges from 0-5 to 
0-1,000 psia and is constructed 
to the exacting standards of 
sophisticated customers. 


WHEN THE NEED 
iS TO KNOW...FOR SURE 
SPECIFY STATHAM 
Please request Bulletin No. PA203 
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1957 Research Rocket Roundup, by 
Frederick I. Ordway III and Ronald C. 
Wakeford, Missiles and Rockets, vol. 2, 
March 1957, pp. 39-48. 

Experimental Study of Nitromethane 
Rocket Motors with Varying Fineness 
Ratio, Characteristic Length and Chamber 
Pressure, by C. R. Foster, Calif. Inst. 
Tech., Jet Propulsion Lab., Rep. 4-33, May 
1947, 25 pp. (Declassified from Confi- 
dential by authority of Calif. Inst. Tech- 
nology, Jet Propulsion Lab., Pub. 38, p. 6, 
1/3/55.) 

Design, Performance and Servicing of 
WAC Corporal Propulsion Systems, by 
P. J. Meeks and R. C. Terbeck, Calif. 
Inst. Tech., Jet Propulsion Lab., Rep. 
4-20, April 1946, 72 pp. (Declassi- 
fied from Confidential by authority of 
Calif. Inst. Tech., Jet Propulsion Lab., Pub. 
38, p. 6, 1/3/55.) 


A Study of the Influence of Specific Im- 
pulse and Density on the Performance of 
Rocket Vehicles, by Robert V. Meghreb- 
lian, Calif. Inst. Tech., Jet Propulsion 
Lab., Rep. 1-31, Dec. 1950, 55 pp. (De- 
classified from Confidential by authority 
of Calif. Inst. Tech., Jet Propulsion Lab., 
Pub. 38, p. 1, 1/3/55.) 

The Relative Importance of Specific 
Impulse and Propellant Density for Large 
Rockets, by R. B. Canright, Calif. Inst. 
Tech., Jet Propulsion Lab., Rep. 4-29, 
Jan. 1947, 79 pp. (Declassified from Con- 
fidential by authority of Calif. Inst. Tech., 
Jet Propulsion Lab., Pub. 38, p. 6, 1/3/55. 

A Graphical Method of Predicting the 
Off Design Performance of a Compressor 

| Stage, by J. F. Louis and J. H. Horlock, 
Gt. Brit., Aeron. Res. Council, Curr. Pap. 
| 320(ARC TR 18335), 1957, 22 pp. 
Estimation of the Change in Perform- 
ance Characteristics of a Turbine Re- 
sulting from Changes in the Gas Thermo- 
dynamic Properties, by D. G. Ainley, 
| Gt. Brit., Aeron. Res. Council, Rep. & 

Mem. 2973 (formerly ARC TR 14353; 
| Nat. Gas Turbine Estab., Mem. M118) 
| 1956, 13 pp. 


An Analysis of Axial- and Centrifugal- 
Flow Turbojet-Engine Performance with 
Variable-Area Exhaust Nozzle, by Zelman 
Barson, NACA RM E52D16, June 1952, 
32 pp. 

Rocket Motors with Propergolic Liquids, 
by M. J. Zucrow, Fusées et Recherche 
Aéronautique, vol. 1, no. 1, June 1956, pp. 
35-54 (in French). 

Terrapin, the Do-It-Yourself Rocket, by 
S. F. Singer, Missiles and Rockets, vol. 11, 
March 1957, pp. 60-62. 


Ignition Energy Requirements in a 
Single Tubular Combustor, by Hampton 
H. Foster, NACA RM E51A24, March 
1951,27 pp. (Declassified from Confiden- 
tial by authority of NACA Res. Abstracts 
112, p. 12, 3/12/57.) 

Performance of High Pressure Ratio 


Epritor’s Note: Contributions from E. R. 
G. Eckert, J. P. Hartnett, T. F. Irvine Jr. and 
P. J. Schneider of the Heat Transfer Labora- 
| tory, University of Minnesota, are gratefully 
| acknowledged. 


Technical Literature Digest___ 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributor 
The James Forrestal Research Center, Princeton University 


Axial Flow Compressor Using Highly 
Cambered NACA 65 Series Blower Blades 
at High Mach Numbers, by Charles H. 
Voit, Donald C. Guentert and James F. 
Dugan, NACA RM. E50A09, March 
1950, 22 pp. (Declassified from Confi- 
dential by authority of NACA Res. Ab- 
stracts 112, p. 12, 3/12/57.) 

Choosing an Advanced Turbojet De- 
sign—II, by F. H. Keast, Aviation Age, 
vol. 27, March 1957, pp. 60-65. 

A Preliminary Design Study of a 2600 
Ib Thrust Liquid Propellant Rocket 
Motor, by R. B. Canright, Calif. Inst. 
Tech., Jet Propulsion Lab., Progress Rep. 
4-23, June 1956, 47 pp, 12 figs. (De- 
classified from Confidential by authority 
of Calif. Inst. Tech., Jet Propulsion Lab., 
Pub. 38, p. 7, 1/3/57. ) 

Effect of Spin on Rocket Motor Per- 
formance, by Robert H. Boden, Calif. 
Inst. Tech., Jet Propulsion Lab., Rep. 4- 
49, April 1949, 12 pp. (Declassified from 
Confidential by authority of Calif. Inst. 
Tech., Jet Propulsion Lab., Pub. 38, p. 6, 
1/3/55.) 

Effect of Method of Pumping Propellant 
on Weight and Performance of Rocket 
Propelled Vehicles, by James B. Kendrick, 
Calif. Inst. Tech., Jet Propulsion Lab., Rep. 
4-43, Aug. 1948, 31 pp. (Declassified 
from Confidential by authority of Calif. 
Inst. Technology, Jet Propulsion Lab., Pub. 
38, p. 6, 1/3/55.) 

Performance Tests of the 220 lb Thrust 
Lark Motor, by Anthony Briglio, Jr., 
Calif. Inst. Tech., Jet Propulsion Lab., 
Rep. 4-39, Aug. 1947, 37 pp. (Declassi- 
fied from Confidential by authority of 
Calif. Inst. Tech., Jet Propulsion Lab., 
Pub. 38, p. 6, 1/3/55). 


Heat Transfer and Fluid 
Flow 


Air-Flow Characteristics of Brazed and 
Rolled Wire Filter Cloth for Transpiration- 
Cooled Afterburners, by William K. Koffel, 
NACA RM E53H24, Oct. 1955, 55 pp. 
(Declassified from Confidential by author- 
ity of NACA Res. Abstracts 112, p. 13, 
3/12/57. 

Film Cooling, by Robert H. Boden, 
Calif. Inst. Tech., Jet Propulsion Lab., 
Progress Rep. 4-19, Jan. 1946, 54 pp., 27 
figs. (Declassified from Confidential by 
authority of Calif. Inst. Tech., Jet Propul- 
sion Lab., Pub. 38, p. 7, 1/3/55.) 

The Mixing of a Supersonic High Tem- 
nag Jet with Air in a Cylindrical Duct, 

y Harold R. Bartel, Calif. Inst. Tech., 
Jet Propulsion Lab., Progress Rep. 4-119, 
March 1950, 79 pp. (Declassified from 
Restricted by rm. of Calif. Inst. 
Tech., Jet Propulsion Lab., Pub. 38, p. 9, 
1/3/55.) 

An Investigation of Flow Separation in a 
Two-Dimensional Transient Nozzle, by 
John D. McKenney, Calif. Inst. Tech., Jet 
Propulsion Lab., Progress Rep. 20-129, 
April 1951, 15 pp. (Declassified from 
Restricted by authority of Calif. Inst. 
Tech., Jet Propulsion Lab., Pub. 38, p. 15, 
1/3/55.) 

Linear Boiling Point Relationships, by 
Yoshiro Ogata and Masaru Tsuchida, 
Indust. Engng. Chem., vol. 49, March 1957, 
Part 1, pp. 415-417. 
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Rigidity! At equal weight, magnesium is 18 times stiffer than steel - 


Magnesium’s unique combination of strength and light Similarly, a magnesium bar of equal rigidity to an aluminum 
weight gives it some outstanding abilities as a structural bar will weigh only 75% as much as the aluminum bar. At 
metal. Take rigidity, for example. A magnesium bar has equal weight, the magnesium bar will be over twice as stiff. 


22% the stiffness of a steel bar of the same dimensions. ate ; 
From these facts it’s easy to see that magnesium can do a 


But stiffness increases as the cube of section thickness. So, if structural job equal to or better than steel and aluminum— 
thickness of the magnesium is increased to twice that of the and with appreciable savings in weight—whenever it’s prac- 
steel, the magnesium bar will be over 70% more rigid—yet tical to increase section thickness. For more information — 
weigh only half as much. And if thickness is further increased contact the nearest Dow sales office or write to us. THE © 
until the bars are of equal weight, the magnesium bar will be DOW CHEMICAL COMPANY, Midland, Michigan, Magnesium 
1878%—or over 18 times—more rigid! Department, MA 1402F-1. 
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precision welded sheet metal components 


| 
| 


ana liners 


Flame holders 


Exhaust nozzle 


& 


for missiles, jets and ram jets 


We have the experience, the equipment, the men and the 
approvals to carry out your most complex experimental — 
welding and fabrication of jet, ram jet and missile engine 
components. 


Some of the superalloys we’ve worked and welded in- © 
clude N-155...A-286...the Nimonics...Inconel-X...In- 
conel-W...Hastelloy...Timken...and stainless steel. Our 
welding department includes certified Sciaky spot weld- 
ers, USAF certified heliarc welders and complete, USAF- 
approved X-ray facilities. 


For more detailed information, write, wire or ‘phone us. 


Fr, T. R. FINN & COMPANY, INC. 
i 275 Goffle Road, Hawthorne, N. J. 
HAwthorne 7-7123 
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Variation of Heat Transfer Coefficient 
with Length Inclined Tubes in Still Air, 
by E. A. Farber and H. O. Rennat, Indust. 
Engng. Chem, vol. 49, March 1957, part 1, 
pp. 437-440. 

Flow of Fluids, by Murray Weintraub, 
Indust. Engng. Chem, vol. 49, March 1957, 
part 2, pp. 497-502. 

Heat Transfer, by E.R.G. Eckert, J. P. 
Hartnett, T. F. Irvine Jr. and P. J 
Schneider, Indust. Engng. Chem., vol. 49, 
| March 1957, Part 2, pp. 565-576. 
| _ Mass Transfer, by C. R. Wilke and 

John M. Prausnitz, Indust. Engng. Chem.., 
vol. 49, Part 2, pp. 577-582. 

Thermodynamics, by J. M. Smith, 
Indust. Engng. Chem., vol. 49, March 1957 
Part 2, pp. 583-589. 

Fluid Dynamics, by A. K. Oppenheim 
and R. R. Hughes, Indust. Engng. Chem, 
vol. 49, March 1957, Part 2, pp. 590-610. 

Molecular Transport Properties of 
Fluids, by Ernest F. Johnston, Indust. 
Engng. Chem., vol. 49, Part 2, pp. 614-617. 

Heat Transfer in Chemically Reacting 
Mixtures, I, by Joseph O. Hirschfelder, J. 
Chem. Phys., vol. 26, Feb. 1957, pp. 274- 
281. 

Heat Conductivity in Polyatomic or 
Electronically Excited Gases, II, by Joseph 
O. Hirschfelder, J. Chem. Phys., vol. 26, 
Feb. 1957, pp. 282-285. 

Thermodynamic and Transport Proper- 
ties of the System Iso-octane and Per- 
fluoroheptane, by Charles R. Mueller and 
James E. Lewis, J. Chem. Phys., vol. 26, 
Feb. 1957, pp. 286-291. 

Plasma Jets Give Minutes of ICBM 
Reentry Heat, Missiles and Rockets, vol. 

March 1957, p. 29 

Wall Temperature in Regeneratively 
Cooled Rocket Motors, by Jack Lorell, 
Calif. Inst. Tech., Jet Propulsion Lab., 
Progress Rep. 4-29, Feb. 1948, 16 pp. 
(Declassified from Confidential by author- 
ity of Calif. Inst. Tech., Jet. Propulsion 
Lab., Pub. 38, p. 7, 1/3/55.) 


Combustion, Fuels and 
Propellants 


Relaxation-Time Model for Free-Radi- 
cal Concentration, by J. Calvin Giddings, 
J. Chem. Physics, vol. 26, May 1957, pp. 
1210-1215. 

Ultraviolet Absorption Spectra and the 
Chemical Mechanism of CS,-O. Explosions, 
by Albert L. Myerson, Francis R. Taylor 
and Philip L. Hanst, J. Chem. Physics, vol. 
26, May 1957, pp. 1309-1320. 

Vessels for the Storage and Transport of 


| Liquid Hydrogen, by B. W. Birmingham, 


E. H. Brown, C. R. Class and A 
Schmidt, J. Res. Nat. Bur. Standards, vol. 
58, May 1957, pp. 243-254. 

Thermal Conductivity of Nitrogen from 
50° to 500°C and 1 to 100 Atmospheres, by 
R. L. Nuttall and D. C. Ginnings, J. Res. 
Nat. Bur. Standards, vol. 58, May 1957, 
pp. 271-278. 

The Kinetics and Mechanism of Nitric 
Oxide Decomposition, by A. I. Rozlovskii, 
Cornell Aeron. Lab., April 1957, 14 pp. 
(translation of USSR J. Physical Chem., 
vol. 30, no. 6, 1956, pp. 1349-1355). 

Effect of Turbulence on Radiation In- 
tensity from Propane Air Flames, by 
Richard R. John, Princeton Univ., Dept. 
Aeron. Engng., Rep. 385, 1957, 260 pp. 
(PhD. thesis). 

Combustion Instability in Liquid Pro- 
pellant Rocket Motors. Nineteenth Quar- 
terly Progress Report for the Period 1 

| November 1956-31 January 1957, Prince- 
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phibious and airborne landings. test performance. rie . 
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It fits lightly into the hand; it can be carried in a 
pocket; it weighs about a pound; it will go places too 
small for ordinary cameras, too dangerous for man; it 
will observe without being conspicuous; it may be 
mounted on a tripod, fastened to wall or bulkhead, 
hand-held by a pistol grip. Size: 1%” x 23%”" x 434”. 


By means of a transistorized circuit and the new RCA 
half-inch Vidicon, the ‘‘Telemite’’ actually surpasses 


NOVEMBER 1957 


Close observation of jet or piston engine 


ss Brand new! RCA ‘“‘Telemite'"’ (model JTV-1) a 1-pound 
, ultra-miniature television camera, makes possible direct 
observation of sites and events never before accessible by TV 


RADIO CORPORATION of AMERICA 


Observation of danger areas, 
where exposure would involve 
danger to personnel. 


Surveillance of assembly 

areas and movements 

of forces. 


rs, 


standard Vidicon-type industrial TV cameras in sensi- 
tivity. It produces clear, contrasty pictures with a 
scene illumination of 10-foot candles or less. 


The “‘Telemite’”’ operates with up to 200 feet of cable 
between it and the control monitor, and this distance 
can be further extended by using a repeater amplifier. 
This is the first TV camera to employ photoelectric 
sensitivity control, which provides automatic adapta- 
tion to widely varying scene illumination. 
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COMMAND COMMAND SYNCHRO AUTO PILOT 
SIGNAL SIGNAL posiTioNER CONTROL 
GENERATOR RECEIVER 


STEPPER 


YNCHRO POSITIONER 


Accuracy: Within 6 min. of are 
when driven by either motor. 


Incremental shaft rotaffén: 2 
degrees. 


This is one of the many applications for the Stepper 
Motor — a device for translating electrical pulses 
into accurate, bi-directional, incremental shaft dis- 
placements. 


The Synchro Positioner uses two Stepping Motors, an Autosyn 
differential, and a built-in pulse generator. One motor positions 
the Autosyn Shaft in coarse increments in either direction, while 
the other motor, using a different gear ratio, positions the same 
shaft in vernier increments in either direction. As the reset com- 
mand signal is of steady-state type, the built-in pulse generator 
permits use of the driving motors for the reset function. 


STEPPER MOTORS corporation 


Subsidiary of California Eastern Aviation, Inc. 


7441 West Wilson Avenue ¢ Chicago 31, Illinois 


e WEST COAST - - - 11879 W. FLORENCE AVE. - - - CULVER CITY, CALIF. 


ton Univ., Dept. Aeron. Engng., Rep. 216- 
S, March 1957, 25 pp. 

The Decomposition Burning of Mono- 
propellant Drops: Hydrazine, Nitrometh- 
ane and Ethyl Nitrate, by Willis A. 
Rosser Jr., Calif. Inst. Tech., Jet Propul- 
ston Lab., ’ Prog. Rep. 20-305, Jan. 1957, 
12 pp. 

A Survey of Three Propellant Combina- 
tions—Ethyl Alcohol, Methyl Alcohol and 
Gasoline with Liquid Oxygen, by J. F. 
Tormey, North American Aviation, Inc., 
Rep. AL 107, Feb. 1947, 29 pp. (De- 
classified from Confidential by authority of 
North American Letter 54D-6233 citing 
WADC letter WCSG, Aug. 6, 1954.) 

The Reaction of T-Butyl Peroxide with 
Acetals, by Lester P. Kuhn and Car] 
Wellman, Aberdeen Proving Ground, Ballis- 
tic Res. Labs., Rep. 1008, March 1957, 13 
pp. 


Servomechanisms and 
Controls 


Transistors Stabilize Missile Ships, by 
Richard Scheib Jr., Electronics, vol. 30, 
June 1, 1957, pp. 138-143. 


Flight Vehicle Design and 
Testing 


Joints for Missiles, by B. Baker, Ord- 
nance, vol. 41, May-June 1957, pp. 1101- 
1103. 

KAN-2 (Little Joe), by Ken Mattson, 
Naval Air Missile Test Center, Tech. Rep. 
10, March 1947, 43 pp. (Declassified from 
Confidential by authority of NAMTC 
letter A9/Ser. 362, 7/20/56. ) 


The XM-1 Catapult, Naval Air Missile 


Center, Tech. Rep. 8, Feb. 1947, 55 pp. 
(Declassified from Confidential by author- 
ity of NAMTC letter A9/Ser. 362, 
7/20/56.) 

Noise and Vibration Test of the LTV-2, 
by Norman E. Jensen Jr. and E. O. 
Throndsen, Naval Air Missile Test Center, 
Tech. Rep. 22, Oct. 1947, 49 pp. (Declassi- 
fied from Confidential by authority of 
NAMTC letter A9/Ser. 362, 7/20/56.) 

Universal Gravity Tyrn Trajectories, by 
Glen J. Culler and Burton D. Fried, J. 
Applied Physics, vol. 28, June 1957, pp. 
672-676. 

From Redstone to Jupiter, by Dr. 
Wernher von Braun, Missiles and Rockets, 
vol. 2, June 1957, pp. 107-108. 

Optimum Thrust Programming for 
High-Altitude Rockets, by G. Leitmann, 
Aeron. Engng. Rev., vol. 16, June 1957, 
pp. 63-66. 

Data Gives Estimate for Winged Missile 
Performance, by K. D. Wood, Aviation 
Week, vol. 66, May 27, 1957, pp. 56-57. 

A Report on Missile Development, 
Aeron. Engng. Rev., vol. 16, May 1957, pp. 
114-116. 

Contribution of the General Electric 
Company to Project Vanguard, by R.E. 
Small, Fusées et Recherche Aeronautique, 
vol. 2, no. 1, March 1957, pp. 35-40 (in 
French). 

Underwater Missile and Torpedo Test 
Evaluation, by Gilbert L. Maton, Missiles 
and Rockets, vol. 2, May 1957, pp. 122, 
124-125. 

Underwater Missile Auxiliary Power 
Units, by William L. Burriss and Matthew 
J. Pastell, Missiles and Rockets, vol. 2 
May 1957, pp. 78-80. 

On the History of Guided-Weapon De- 
velopment. by A. R. Weyl, Z. Flugwissen- 
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NITROGEN TETROXIDE (N:0:) 


Oxidant for liquid 
rocket propellants 


Molecular weight 92.02 
Boiling Point 6 
Freezing Point 


Latent Heat 99 cal ‘gm 
of Vaporization @ 21°C | 


Critical Temp. 
Critical Pressure 99 atm 


Specific Heat 0.36 cal gm 
of Liquid 10 to 20°C 


Density of Liquid —§ 1.45 at 20°C 


Density of Gas 3.3 gm ‘liter 
21°C, at 1 atm 


Vapor Pressure 2 atm at 35°C 


Mixed Oxides are versatile, easy to handle 


Propellant chemists and thermodynamic engineers seeking an oxidant uniquely 
suited to a wide range of rocket operating requirements find that.Mixed Oxides 
offer these outstanding advantages: 
Versatility — provides high specific impulse with many rocket fuels, including 
Triethyl-Trithiophosphate, Methyl Alcohol, 50% Ammonia and 50% Methyl 
Alcohol, 63% Triethylamine and 37% Orthotoluidine, Turpentine, Ammonia 
and Ethylene Oxides e Freezing Point — as low as —100 F, depending upon 
mixture e Density — compares favorably with other oxidants e Easy Handling 
— can be shipped, piped, stored in ordinary carbon steel e High Stability — 
non-corrosive, can be stored indefinitely in rockets maintained ‘‘at ready."’ 
Mixed Oxides, containing 70 or 75% N2O« and 25 or 30% NO, are eco- 
nomically available in large tonnages from Nitrogen Division's plant at Hopewell, 
Virginia, and for experimental purposes, in valved 125-lb. cylinders and 2000- 


Photo courtesy of Rocketdyne, a Division of North American Avia 


le Ethanolaminese Ethylene Oxide « Ethylene Glycols « Ureae FormalidehydeeU. F. Concen- 
trate—85S Anhydrous Ammonia Liquors Ammonium Sulfate Sodium Nitrate 
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BINARY 


BINARY 
CODED DECIMAL 


LIBRASCOPE 
SHAFT POSITION-TO-DIGITAL 


CONVERTERS 


Equipped with ANTI-AMBIGUITY 
DOUBLE BRUSH PICKOFFS 


Useful in a wide variety of application 
including digital aircraft and missile 
controls, machine tool controls, digital 
readout from strip chart recorders, and 
as the modulator and de-modulator in 
pulse-code modulated radio links. 


GRAY CODE MODEL —Capacity of 8 
binary digits (single brush pickoff), 
BINARY MODEL —Capacity of 7 to 19 
binary digits. 

BINARY CODED DECIMAL MODEL 


a Capacity range from 0-1999 to 0-35,999. 


Units for special codes or 
capacities are built to meet 
specific requirements. 


SHOCK ENDURANCE................... 20g 
TEMPERATURE RANGE. .—50° to 83°C min. 


CODE DISCS....... Rhodium plated phenolic 

Two pickoffs /channel 
ROTATION...... Continuous, either direction. 


RUGGED—NON-MAGNETIC—LONG LIFE 
MAY BE READ WHILE IN MOTION 


SPECIAL CONVERTERS DESIGNED TO MEET 
YOUR INDIVIDUAL PROBLEMS 


Send for illustrated brochure 


SUBSIDIARY OF GENERAL PR PMENT CORPORATION 


808 Western Avenue « Glendale, California 
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schaften, vol. 5, May 1957, pp. 129-138. 


Navy Views Polaris as Support Weapon, 
Aviation Week, vol. 66, June 17, 1957, pp. 


Space Flight : 


Use of Plants for the Regeneration of 


= Oxygen from Carbon Dioxide, by Gilbert 


and Adeline, Fusées et Recherche Aeron., 
vol. 2, no. 1, March 1957, pp. 69-74 (in 
French). 

Summary Session, Astronautics Sym- 
posium, San Diego, Feb. 18-20, 1957, 
AFOSR-TR-57-14; ASTIA AD 120430, 
1957, 55 pp. 

The Uses of Artificial Satellite Vehicles, 
Part II, by H. E. Canney Jr. and F. I. 
Ordway, III, Astro. Acta, vol. 3, no. 1, 
1957, pp. 1-15. 

Satellite Librations, by W. B. Klemperer 
and R. M. Baker Jr., Astro. Acta, vol. 3, 
No. 1, 1957, pp. 16-27, 4 figs. 

Project Vanguard—tEarth Satellite Ve- 
hicle Program. Characteristics, Testing, 
Guidance, Control, and Tracking, by F. I. 
Ordway III, Astro. Acta, vol. 3, no. 1, 
1957, pp. 67-86, 12 fig. 

International Control of Outer Space, by 
Donald W. Cox, Missiles and Rockets, vol. 


| 2, June 1957, pp. 68-71. 


Ships for Space, by Peter A. Castruccio, 
Missiles and Rockets, vol. 2, June 1957, pp. 
72-74. 

Open Skies Plan in the Atomic Age, by 
Edgar A. Parsons, Missiles and Rockets 
vol. 2, June 1957, pp. 78, 80. 

Space Law and Metalaw—a Synoptic 
View, by Andrew G. Haley, Harvard 
Law Record, vol. 23, Nov. 8, 1956, 2 pp. 

The Present Day Developments in 
Space Law and the Beginnings of Meta- 
law, by Andrew G. Haley, Harvard Law 
Record, vol. 24, Feb. 7, 1957, Special 
Supp., 4 pp. Bibliography. 

The Present Day Developments in 
Space Law, by Andrew G. Haley, Canadian 
Oil J., vol. 8, March, April and May 1957. 

The International Situation and Legal 
Involvements With Respect to Long- 
Range Missiles and Earth-Circling Ob- 
jects, by Andrew G. Haley, AF Off. 
Sci. Res., Tempo T Bldg., Washington 25, 
D. C., Feb. 1957. 

International Law and Space Law, by 
Andrew G. Haley, Zeitschr. fiir Luftrecht, 
vol. 6, no. 2, 1957 (in German). 

Space Law and Metalaw, by Andrew G. 
Haley, Le Courrier Interplanetaire, Feb., 
March 5, and April 10, 1957 (in French). 


Astrophysics, Aerophysics 


The Probability of Occurrence of Radar 
Echoes Over Areas of Arbitrary Size, by 
Isadore Katz, Aeron. Engng. Rev., vol. 16, 
May 1957, pp. 103-107, 113. 

Study of the Upper Atmosphere with the 
Aid of Rockets by the Academy of Sciences 
of U.S.S.R., by S. M. Poloskov and B. A. 
Mirtov, Fusées et Recherche Aeron., vol. 2, 
no. 1, March 1957, pp. 49-52. 

General Relativistic Red Shift and the 
Artificial Satellite, by Banesh Hoffman, 
Physical Rev., vol. 106, April 15, 1957, pp. 
358-359. 

Atmospheric Infrared Radiation over 
Minneapolis to 30 Millibars, by John L 
Gergen, Minnesota Univ., School Physics, 
Atmospheric Physics Project, Jan. 1957, 38 
pp- 

A Consideration of Radio Star Scintilla- 
tions as Caused by Interstellar Particles 


Entering the Ionosphere, Part I. Daily 
and Seasonal Variations of the Scintilla- 
tion of a Radio Star, by G. A. Harrower, 
Canadian J. Phys., vol. 35, May 1957, pp. 
512-521. 

A Consideration of Radio Star Scintilla- 
tions as Caused by Interstellar Particles 
Entering the Ionosphere, Part II. The 
Accretion of Interstellar Particles as a 
Cause of Radio Star Scintillations, by G. 
A. Harrower, Canadian J. Phys., vol. 35, 
May 1957, pp. 522-535. 


Instrumentation, 
Telemetering, Data 
Recording 


Errors Introduced into FM/FM Telem- 
etry by Nonlinear Frequency Response 
of the IF Amplifier, by M. G. Schwede, 
Naval Air Missile Test Center, Tech. Rep., 
76, Aug. 1950, 102 pp. (Declassified from 
Confidential by authority of NAMTC let- 
ter A9/Ser 362, 7/20/56.) 

A Precision Electronic Timer for Cine 
Theodolite Operation, by Robert H 
Weitbrecht, Naval Missile Test Center, 
Tech. Rep. 52, June 1949, 33 pp. (De- 
classified from Confidential by authority 
of NAMTC letter A9/ Ser. 362, 7/20/56.) 

Development and Evaluation of the 
AN/DRW-2 (XN-1) Flight Termination 
Radio Receiver, by Eric Keuron, Nava’ 
Air Missile Test Center, Tech. Rep. 47. 
June 1949, 34 pp. (Declassified from 
Confidential by authority of NAMTC 
jetter A9/Ser. 362, 7/20/56.) 

Evaluation and Modification of Franklin 
Institute Optical System, by Harry C. 
Lindinbaum, Naval Air Missile Test 
Center, Tech. Rep. 43, March 1949, 24 pp. 
(Declassified from Confidential by author- 
ity of NAMTC letter A9/Ser. 362, 7/20, 
56.) 


Development of NAMTC Tele-Tracking 
Equipment, by Gerald R. Sams and Law- 
rence W. Baldwin, Naval Air Missile Test 
Center, Tech. Rep. 25, Jan. 1947, 28 pp. 
(Declassified by authority of NAMTC 
letter A9/Ser. 362, 7/20/56.) 

Vibration Test of AN/ARW-17 Receiver 
Control Relays, by E. O. Throndsen, 
Naval Air Missile Test Center, Tech. Rep. 
21, Aug. 1947, 16 pp. (Declassified from 
Confidential by authority of NAMTC let- 
ter A9/Ser 362, 7/20/56.) 

Acoustic Tests of KAY-1 (LARK), by 
Norman E. Jensen Jr. and James C. Coe, 
Naval Air Missile Test Center, Tech. Rep. 
12, April 1947 21 pp. (Declassified from 
Confidential by authority of NAMTC 
letter A9/Ser 362, 7/20/56.) 

Rectilinear Acceleration Test Facilities, 
by B. A. McDonald, Naval Air Missile 
Test Center, Tech. Rep. 9, Feb. 1947, 30 pp. 
(Declassified from Confidential by au- 
thority of NAMTC letter A9/Ser 362, 7, 
20/56.) 

Method for Determining the Resolving 
Power of Photographic Lenses, by Francis 
E. Washer and Irvine C. Gardner, Nat. 
Bur. Standards, Circ. 533, May 1953, 27 
pp., 2 charts. 

Shock Testing Instrumentation, by F. 
Card, Atomic Energy Comm., Res. and 
Dev. Rep. WAPD-TM-16, July 1956, 20 
pp 


DEPI: An Interpretive Digital Computer 
Routine Simultating Differential Analyzer 
Operations, by Fred H. Lesh and Frank 
G. Curl, Calif. Inst. Tech., Jet Propulsion 
Lab., Mem. 20-141, March 1957, 27 pp. 

Telemetry: Vital Ingredient for Missile 
R&D, Experts Agree, by Henry P. Steier, 
Amer. Aviation, vol. 21, June 17, 1957, p. 


No 


GRAY CODE 
= 
— 
‘en 
| 
| 
BIBRASCOPE 


in Thousandths of an Inch 


As ballistic missiles go farther and faster, weight becomes an 
increasingly critical problem. Walls of rocket cases, for example, must 
be still stronger to withstand higher pressures, yet still thinner to cut 
‘hardware’ poundage to a minimum. 

Obtaining optimum wall thinness throughout in rockets now being 
developed is one of M. W. Kellogg’s current defense assignments. It is 
a complex engineering task and demands a highly specialized 
knowledge of metallurgy, metal fatigue, heat transfer, corrosion, 
weight-strength relationships, and welding techniques. 

The M. W. Kellogg Company has been closely associated with the 
development and fabrication of rocket cases and components since 
1947. Inquiries are invited from organizations wishing to put Kellogg’s 
specialized background to work on specific problems. 


DEFENSE PRODUCTS DIVISION 


THE M. W. KELLOGG COMPANY 


711 THIRD AVENUE, NEW YORK 17, N. Y. 


ag 


A SUBSIDIARY OF PULLMAN INCORPORATED 


The Canadian Kellogg Company Limited, Toronto « Kellogg International Corporation, London 
Companhia Kellogg Brasileira, Rio de Janeiro « Compania Kellogg de Venezuela, Caracas 


Kellogg Pan American Corporation, New York « Societe Kellogg, Paris | Pes 7) 
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Size, weight, performance—a key con- 
sideration in helium pressurization 
projects. Turn to R-F Aeronautical — 
a prime source for helium control 
components. Engineering experience, 
complete helium testing facilities... 
combined to meet your pressurization 
requirements — faster and better. 


TYPICAL — this missile borne Helium 

Pressure Regulator with integral shut-off. 

INLET PRESSURE: 325425 psig, NOMINAL 

& OUTLET PRESSURE: 20+0.5 psia (or psig), 

FLOW RATE: 2000 scfm, OPERATING TEMP: 

AMBIENT: —65° to 165°F, GAS: —80° to 

350°F, INITIAL RESPONSE TIME: 20sec. 

WEIGHT: 2.75 Ibs. max. DIMENSIONS: 6%” 

5- 15/16”, no flutter, chatter, over- 
shoot, or instability. 


At R-F Aeronautical —a complete line 
of helium pressure regulators... 
shelf and to specification ... smaller, 
lighter, more reliable. Write for 


technical date 


way at 


Santa m, California 


Patents_ 


Solid fuel ramjet projectiles @, 799,987). 
Edward F. Chandler, Brooklyn, N “as 

Cylindrical main propelling charge 
spaced from the combustion chamber walls 
to define an air passageway. Openings in 
the body receive rammed air through 
which the projectile moves. A casing in 
the chamber has openings to allow rammed 
air to enter the bore of the main propelling 
charge and to guide the rammed air. 
Variable area jet nozzle (2,799,989). 
Peter G. Kappus, Cincinnati, Ohio, 
assignor to the USAF 

Circular cross cnill jet nozzle tapering 
to a square cross section at its discharge 
end. A pair of hinged teardrop extension 
walls continue rearwardly from opposite 
sides to produce a convergent-divergent 
exit nozzle. 

Supersonic jet deflection device (2,799,- 

990). rge F. Hausmann, Glaston- 

red Conn., assignor to United Aircraft 
or 

A annular step in the inner surface of 
an exhaust nozzle forming a wall trans- 
versely of the nozzle axis. Segmented 
slots in the wall selectively connect 
passages to a source of relatively low 
pressure to deflect the jet exhaust. 
Lightweight rocket launcher (2,800,835). 
James W. er, Evanston, Ill., assignor 
to the U.S. Army. 

Portable laune her tube, mounted on an 
adjustable tripod, has an upwardly facing 
loading opening into its breech wall. A 
pair of doors close and lock for firing or 
are pivoted to open loading position. 


Foreign object separator (2,802,618). 
Otakar P. Prachar, Indianapolis, Ind., 
assignor to General Motors Corp. 

Intake of an axial flow aircraft turbine 

engine arranged so that foreign objects 
striking the vanes radially outward of the 
hub are deflected to an annular capture 
slot surrounding the casing. Objects 
settle by gravity in the bottom of a collec- 
tion chamber for removal when the engine 
is stopped. 
Apparatus for releasing rocket-bombs 
from an aircraft (2,803,168). Roger A. 
Robert and Pierre P. Matge, Aubervilliers, 
France. 

Bombs supported on pairs of supporting 
rails in superimposed relationship are fed 
in succession towards the firing position. 
Current inputs on each bomb are con- 
nected to the firing means of the bomb 
below it. Voltage is established on the 
lower rails when the lower bomb attains its 
firing position. 


George F. McLaughlin, Contributor 


Thrust reversing device for jet engines 
(2,803,944). Reinout P. Kroon, Swarth- 
more, Pa., assignor to Westinghouse Elec- 
tric Corp. 

Hingeably connected leaves on a cen- 

tral body which is movable fore and aft. 
When the body is moved aft, the leaves 
open from a retracted position, and their 
hinged ends extend beyond the exhaust 
outlet, reversing the direction of exhaust 
flow. 
Flow control meter (2,804,241). Chas. J. 
McDowall and Arthur W. Gaubatz, In- 
diana og Ind., assignors to General Mo- 
tors 

Arey for delivering a predetermined 
quantity of fuel at each stage of jet engine 
operation. Valves automatically control 


fuel flow in response to a preset pressure 
differential. 


Tail fuze for an ordnance missile (2,805,- 
623). Raymond H. Blair, Joseph 
Pertsch and Kenneth R. Scribner, Roches- 
ter, N. Y., assignors to the U. S. Navy. 

mpact inertial actuated guided missile 
fuse with a releasable arming rotor 
adapted to be rotated to an armed posi- 
tion when released from an aircraft. Dual 
explosive trains and firing means permit 
independent operation of the missile upon 
impact with the target. 


Method of making cellular plastic articles 
(2,802,240). Frank W. Thomas, Burbank, 
Calif., assignor to Lockheed Aircraft Corp. 
Means for forming a hollow shape, such 
as the nose cone of a missile. A layer of 
liquid reactant is applied to the surface of 
a die and distributed evenly by a tem- 
plate. Reactant consists of phenol form- 
aldehyde resin, polyvinyl alcohol and 
sulfonic-phosphoric acid aqueous solution 
catalyst to render the mixture cellular. 
The layer is air cured at room temperature 
for 15 to 30 min, and oven cured at 150 F 
from 1 to 2 hrs. 
Frangible jackets for missiles (2,802,396). 
Jack L. Montgomery, Pacoima, Calif., as- 
signor to Lockheed Aircraft Corp. 
Protection consisting of a snugly fitted 
shell with grooves on its inner surface con- 
stituting gas ducts. Gas introduced into 
the ducts under pressure breaks the shell 
away from the missile. 


Aircraft rocket launcher (2,802,398). 


James B. Beach, Van Nuys, C alif., assig- ' 


nor to Lockheed Aircraft Corp. 

Annular row of rocket tubes concentric 
about the fore-and-aft axis of the body. 
Nested shutters are curved to form a 
streamlined fairing for the forward end 
of the body. Shutters have openings for 


Eprtors Note: Patents listed above were selected from the Official Gazette of the U. S. 


Patent Office. 


Printed copies of Patents may be obtained from the Commissioner of 


Patents, Washington 25, D. C., at a + cost of 25 cents each; Patents, 10 cents. 


Sponsor: The Annual Helium Symposi 
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passing rockets launched from the tubes. 


Rocket launcher (2,802,399). Steven M. 
Little, China Lake, Calif., assignor to the 
U.S. Navy. 

A thin-walled, open-ended tube provides 
launching guidance. A second thin-walled 
tube of noncircular cross section surrounds 
the first tube, is open to the atmosphere at 
its forward end, and has venting passage- 
ways between the walls. Gases developed 
by a launched rocket are directed into the 
passageways and are vented forward. 


Methods of facilitating the ignition in pul- 
satory reaction jets (2,805,545). Sigis- 
mond Wilman, Courbevoie, France. 

Two jets provided with a combustion 
chamber forming an acoustic resonance 
cavity. The exhaust pipe of one jet 
registers at its other end with the inlet of 
an induction pipe of another jet. Each 
exhaust pipe has an enlarged outlet register- 
ing with an outlet of smaller cross-sectional 
area of an associated transfer pipe. 


Stator for axial flow compressor with 
supersonic velocity at entrance (2,805,818). 
Antonio Ferri, Rockville Centre, N. Y 
Stator ring with blades having sharp 
leading edges and dividing the flow passage 
into supersonic diffusers. Blades may be 
rotated about their radial axes by means of 
a ring gear to vary their attack angle in 
accordance with the gas stream velocity. 


Annular lift-producing wing (2,805,830). 
Helmut P. G. A. R. von Zborowski, Saint- 
Antoine par Brunoy, France. 

Elongated toroidal shape having an open 
passage. The torus is of wing section 
with a skin of flexible material so thin as 
to be incapable of withstanding harmful 
inward flexing by pulsations on the outer 
surface. Inward deformation pre- 
vented by directing to the skin area air 
under pressure from a point outside the 
wing in the zone of the leading edge where 
pressure is high. 


Jet fuel (2,806,348). Donald R. Stevens 
and Ronald L. Sweet, Baldwin Borough, 
Pa., assignors to Gulf Research and De- 
velopment Co. 

Method of operating a jet engine which 
comprises supplying to the combustion 
zone a liquid hydrocarbon fuel containing 
0.01 to 0.08 per cent (by weight) of bis- 
muth triphenyl. Exhausting of the re- 
sulting gases reduces combustion deposits. 


Combustion initiator (2,806,356). Theo- 
dore Raymond R. Bocchio, Lemon Grove, 
Calif., assignor to the U. 8. Navy. 

Frusto-conical member in a ramjet aerial 
missile in which the wall has small open- 
ings near its narrow (downstream) end. 
When part of the air-fuel mixture entering 
the member at stagnation pressure is 
ignited, the products of combustion ignite 
the main air-fuel stream flowing through 
the missile. 


Attachment for rocket motors (2,804,822). 
Hugo A. Meneghelli, China Lake, Calif, 
assignor to the U. 8. Navy. 

Thrust nullifier comprising a tubular 
member with angularly spaced openings 
in its outer wall. Gas is deflected radially 
outward through the openings, and means 
are provided to secure the member against 
axial separation from the rocket. 


Multiple unit projectile (2,804,823). Louis 
Jablansky, Fair Lawn, N. J. 

Propelling and explosive charges carried 
by the leading unit of releasably connected 
separable units. An explosive charge is 
carried by the second unit. A proximity 
fuze in the first unit initiates the propelling 
charge of that unit, causing separation on 
approach to target. 


Turbine speed regulators (2,804,824). 
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STAINLESS STEEL 
AND TEFLON 


200 series 0-3000 psi a 


“Wodels available for virtually 
any service from cryogenic 


temperatures to 600° F. WH 


Premium quality stainless steel check 
valves made by Circle Seal are engineered 
with an ingenious use of teflon as a sealing 
member. Circle Seal’s patented sealing 
principle has proven 100% reliable in all 
applications—guarantees absolute sealing 


COMPLETE DATA AVAILABLE 7 
JAMES, POND AND CLARK INCORPORATED» 


SEAL 2181 East Foothill Boulevard, Pasadena, California 
REPRESENTATIVES IN ALL PRINCIPAL CITIES 


RELIEF VALVES, SHUTOFF VALVES, BLEED 
VALVES, SHUTTLE VALVES and other special 
valves manufactured to provide the 100% 
reliability and sealing efficiency pioneered 
and perfected in Circle Seal design 
concepts. 


Model 3055 


Smallest size yet in a 
variable reluctance transducer— 
Y-in. diameter x 1-inch long. 
Weighs approximately grams. 


_NEW subminiature 
high temperature 


_ @ Translates mechanical motion into AC voltage 
_ for telemetering and control 


@ Operates from near absolute zero to plus 
500° F. ambient temperatures 


_ @ Moisture and oil resistant 


Write for voltage curves, specifications, price today 


Electro ELECTRO PRODUCTS LABORATORIES 


4501-J North Ravenswood, Chicago 40, Ill. : 
Canada: Atlas Radio Ltd., Toronto : 
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At the level of investigation in progress at 
the Flight Propulsion Laboratory, so many 
technical disciplines merge and overlap, that 
engineering management here can and will 


RE-DESIGN JOB SPECIFICATIONS 
TO UTILIZE YOUR TECHNICAL 
BACKGROUND TO THE FULL 


...where your experience is substantial. 
Opportunities now exist for highly quali- 
fied people to work with the Laboratory on 
advanced concepts and engineering princi- 
ples applicable to jet and rocket propulsion 
systems that are planned to operate up to 
Mach 5 and beyond. FPL is interested in you 
if you have had 8 to 5 years or more in the 
following areas: 


ADVANCED APPLIED MECHANICS e 
_: COMBUSTION e MECHANICAL DESIGN 


ie ENGINEERS & SCIENTISTS os & ANALYSIS e NUMERICAL ANALYSIS 


DEVELOPMENT TESTS METAL- 
INTERESTED a LURGICAL THEORY & PROCESSING 
AERO-THERMO ANALYSIS 


FLI % HT : (Also a number of positions for engineers and 
scientists with 1 to 3 years’ experience.) 
Write Mr. Mark Peters, roe 
Building 100 
Department 34-MK 
LA B0 RATO RY 
of 


«GENERAL @® ELECTRIC 


Book,” pocket size, prepared CINCINNATI 15, OHIO 
by General Electric, will 
be sent you on request. 


Female Coupling 
& Dust Cap 


Male Coupling 
& Dust Plug 


QUICK COUPLINGS 
POSITIVE SEAL—NO GASKETS 


Hofman Quick Couplings are designed to utilize mechanical CAM ACTION giving 
metal to metal medium pressure contact in place of gaskets for a POSITIVE seal 
while requiring only % turn to open or close. Fabricated from high quality 
bronze, these units will give long, trouble-free life. Hofman Quick Couplings 
are available in 1”, 142”, 2”, 242”, 3” and 4” sizes. Armored transfer hoses 
with couplings installed can also be furnished. 


Send for our new 16 page catalog LOW TEMPERATURE APPARATUS 


Laboratories, Inc., 
226 Emmet St., Newark, N. J. 
West Coast Agent: BLAIR-MARTIN CO., INC., 1010 Fair Oaks, So. Pasadena, Calif. 


Orval R. Cruzan, Washingotn, D. C,, 
assignor to the U. S. Army. 

Ordnance missile adie an air turbine 

driven by air flow resulting from missile 
flight. The speed of air flowing through 
the outlet is limited to equal the speed of 
sound, thereby correspondingly limiting 
the turbine speed. 
Supersonic flight control device (2,805,- 
032.) Theodore Davis, Manchester, 
Conn., assignor to Chance Vought Air- 
craft. 

Modification of air flow over the fixed 
wing surface of a supersonic aircraft. A 
shock is created by air under pressure 
which runs along the wing span, varies 
the pressure, and is reflected at the wing 
tip back across the wing surface adjacent 
the tip. 

Guided missile designs (180,889 and 
180,890). Wm. Hunter A. Boyd, Ken- 
sington, Md., assignor to the U. S. Navy. 

Patents on these airplane-like winged 
missiles, applied for in 1949 and granted 
last September, run for a term of 14 years. 
Jet deflecting device for jet propulsion 
units (2,807,137). Henri L. P. Meulien, 
Jean H. Bertin and Marcel Kadosch, 
Paris, France, assignors to SNECMA. 

Guides extending laterally of (and out- 

side) the normal flow path of an axial jet. 
Controls impart a rotational velocity 
about the nozzle axis, to form a helical 
auxiliary jet centrifugally urging the jet 
toward the guides. 
Cruise control meter (2,807,165). Wm. 
Kuzyk and Donald C. Whittley, Etobi- 
coke, Ontario, Canada, assignors to Avro 
Aircraft Ltd. 

Instrument for determining desired con- 
ditions for economical operation of jet air- 
craft. An altimeter and a Machmeter 
have coupled indexes movable in accord- 
ance with variations in altitude and Mach 
number. Indexes move in accordance 
with variations in the ratio of aircraft 
weight to pressure altitude. 


Rocket launching device (2,807,194). 
Bruno Cammin-Christy , New York, N. Y., 
assignor of portions to John Radtke, J. J. 
Radtke and A. Radtke. 

Adjustable positioning assembly includ- 
ing a turntable selectively tiltable from a 
horizontal plane. Rocket tube members 
are pivotally secured at one end of a plate, 
the upper ends interconnected by lazy- 
tongs permitting guide members to be 
swung through a plurality of arcs. 


Fuel pressurization system (2,807,209). 
Jarman G. Kennard, Schenectady, N, 
assignor to the U.S. Army. 

High speed free-flight missile containing 
a pressurizing air tank of heat conducting 
material in contact with a heat conduct- 
ing outer skin. Heat developed on the 
skin by aerodynamic friction is trans- 
ferred to the air tank, pressurizing the air 
and directing it to the fuel tank. 


Control of combustion instability in jet 
engines (2,807,931). Albert G. Bodine 
Jr., Van Nuys, Calif. 

Attenuation means in a combustion 
chamber having frequency response for a 
characteristic acoustic pressure cycle pat- 
tern generated by detonation. The at- 
tenuation is arranged in pressure wave 
communication with pressure variations in 
the chamber upstream from the nozzle. 


Jet propelled rotor sustentation and pro- 
pulsion means (2,808,115). Adolphe C. 
Peterson, Minneapolis, Minn. 

A valve in the fuel conduit of an airfoil 
rotor operable in timed relation cyclically 
with rotor rotation. As the valveis periodi- 
cally opened, fuel under pressure is deliv- 
ered to discharge jet nozzles at the rotor 
tips. 


JET PROPULSION 
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“EXCELCO 


_ BUILDERS OF MORE LARGE,THIN WALL, HIGH 
_ STRENGTH SOLID PROPELLANT ROCKET ENGINE CASES 
_ AND NOZZLES FOR DEVELOPMENT PURPOSES THAN a 


SERGEANT 
NIKE-HERCULES 
JUPITER JR. 


JUPITER SR. 


POLARIS O 


- A SMALL EXPERIENCED ORGANIZATION GEARED TO 
HANDLE YOUR DEVELOPMENT AND PROTOTYPE REQUIRE MENTS 
ing ; FOR STATIC AND FLIGHT TESTS IN THE SHORTEST POSS- 


IBLE “TIME. 
CALL OR WRITE 


JEXCELCO DEVELOPMENTS 


MILL ST. PHONE 


SILVER CREEK , NEW 
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GERITE* 
Gear Generating Machine 


Remarkably accurate, 
extremely versatile, 
ideal for short runs. 


Faster, more accurate 
Fine Pitch Gear production 


and quality control with these 
4 Illinois Tool Works developments 


Get higher standards of accuracy, reduce rejects and 
avoid wasted production and inspection time with 
this new ITW team in your plant. GERITE (above) 
—this machine permits tooling up and producing 
gears overnight! MICRITE*—for the first time an 
analytical check of fine pitch gear involute profile. 
MICRAC*—automatic charter utilizing precision 
ground master worm. Accurate to .0001, ideal for 
production checking. GEAR ROLLING INSTRU- 
MENT~—provides extreme accuracy and economi- 
cal inspection on the production line. 


WRITE FOR ALL 4 
Free brochures fully describing 
each new machine is your “File 
for Improved Production of Fine 
Pitch Gears’’. Write for your 
complete set today. ne 


ACHINE AND INSTRUMENT DIVISION, 
LLINOIUS TOOL WORKS 


2501 N. Keeler Avenue, Chicago 339, Illinois 
In Canada: CANADA ILLINOIS TOOLS LIMITED 
Toronto, Ontario 


“MONOBALL” 


Self-Aligning Bearings 


ROD END 
TYPES 


PLAIN TYPES 


ExT. 
INT. 
PATENTED U.S.A 


All World Rights Reserved 


CHARACTERISTICS 


ANALYSIS RECOMMENDED USE 
| Stainless Steel For types operating under high temper- 
Ball and Race ature (800-1200 degrees F.). 


For types operating under high radial 


2 Chrome Alloy 
ultimate loads (3000-893,000 Ibs.). 


Stee! Ball and Race 


3 Bronze Race and [Renee under normal loads 
Chrome Steel Ball with minimum friction requirements. 
Thousands in use. Backed by years of service life. Wide variety 
of Plain Types in bore sizes 3/16” to 6” Dia. Rod end types in 
similar size range with externally or internally threaded shanks. 
Our Engineers welcome an opportunity of studying individual 
requirements and prescribing a type or types which will serve 
under your demanding conditions. Southwest can design special 
types to fit individual specifications. As a result of thorough 
study of different operating conditions, various steel alloys 
have been used to meet specific needs. Write for revised Engi- 
neering Manual describing complete line. Dept. JP-57. 


SOUTHWEST PRODUCTS CO. 


1705 SO. MOUNTAIN AVE., MONROVIA, CALIFORNIA 


VARIABLE FREQUENCY 
MOTOR GENERATOR SETS 
ADJUST 360 TO 440 CPS. 


Generator mounted controls 
include reset buttons, limit 
switch. Motor and generator 
remain stationary. Vari-drive 
pulley adjustment controlled 
by small motor. Remote con- 

trol panels available. 


PRECISE 
CURRENT 
for your 
TESTING 
NEEDS! 


Units can be equipped 5 
motor starter and 

magnetic amplifier, auto- 
matic voltage regulator. 


KATO 400 CYCLE 


MOTOR GENERATOR SETS 
NOW UP TO 250 KWI 
KATO MOTOR GENERATOR 
SETS are available in frequencies, 


speeds and sizes for every special- 
ized use . . . operating high cycle 


INPUT 
60 CYCLES 
tools, testing components and TP 


OUTPUT 
400 CYCLES 


electronic equipment 


WRITE FOR NEW FOLDERI 


Builders of Fine Electrical Sinee 1928 


1498 First Ave., Mankato, Minn. 
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BRISTOL SYNCROVERTER* SWITCH 


,.. the answer to your chopper and high-speed relay problems 


i 


Syncroverter Choppers have run almost six years continuously at 400 and 600 cycles per second | 


That’s the laboratory shelf-test record of a group of Bristol Syn- 
croverter * Switches (above) that are being run at no load asa test 
for actual mechanical wear out. And they’re still going strong! 
These Syncroverter switches are predecessors of those being used 
in aircraft fire control systems, missiles, computers, electronio in- 
struments, control systems, and many other electronic systems. 


are dry circuits your problem ? 


If so, we believe we have the answer. Dry-circuit reliability and long 
life are outstanding features of the miniature Syncroverter chopper 
and high-speed polar relay. They are unaffected during severe 
shock and vibration and are available with the typical operating 
characteristics shown in the tables at right. They meet a wide 
variety of requirements. We'll be glad to discuss specific application 
problems with you. 


NEW low-noise chopper available ° 


The Bristol Syncroverter chopper is now offered in an exception- 
ally low-noise external coil model. Its external coil construction 
plus complete electrostatic shielding eliminates capacitive coupling 
between contact and coil leads. Peak-to-peak noise is less than 100 
microvolts across 1 megohm impedance. 

Write to The Bristol Company, Waterbury 20, Conn. 


*T.M. REG. U.S. PAT. OFF. 


Precision Products for 
Modern Manufacturing 


AUTOMATIC CONTROLS e RECORDERS e TELEMETERS e SOCKET SCREWS 
CHOPPERS AND HIGH-SPEED RELAYS e AIRCRAFT PRESSURE-OPERATED DEVICES 7-40 
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TYPICAL CHARACTERISTICS: 
Bristol's Syncroverter Switch 
(covered by patents) 
Driving frequency range: 0-2000 cps 


Coil voltage: 


Coil current: 
Coil-resistance: 
*Phase lag: 
*Dissymmetry : 
Temperature: 
*Switching time: 
Operating Position: 
Mounting: 


(400 cps used for these 


characteristics) 

6.3V sine, square, pulse 
wave 

55 milliamperes 

85 ohms 

55° + 10° 

Less than 4% 

—65°C to 125°C 

Any 

Flange or plug-in—fits 

7-pin miniature socket 


*These characteristics based on sine-wave 
excitation 
Bristol's Syncroverter High-Speed Relay 
SPDT or DPDT (covered by patents) 


Temperature range: 
Operating shock: 


Vibration: 


Contact ratings: 


— 55°C to 100°C 

30G; 11 milliseconds 
duration 

10-55 cps (see below, 
mounting): 10G 

Up to 35V, 45 micro- 
amperes 


Stray contact capacitance: Less than 15 mmf. 


Pull-in time 


(including bounce): 


Drop-out time: 
Life: 


Mounting; 


As low as 200 micro- 
seconds 

300 microseconds 

Over a billion opera- 
tions under dry-cir- 
cuit conditions 

Octal tube socket; 
others available, in- 
cluding types for vi- 
bration to 2000 cps 
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